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½ RT  Half relaxation time
[Ca2+]
i
   Intracellular calcium concentration
ACh  Acetylcholine
ADP  Adenosine diphosphate
ANOVA  Analysis of variance    
ATPase  Adenosine triphosphatase
COPD  Chronic obstructive pulmonary disease
CSA  Cross sectional area
Ct  Contraction time
CTL  Control
DEA-NO  Diethylamine NONOate
DHP  Dihydropyridine receptor 
DTT  Dithiotreitol
EGTA  ethylene glycol-bis(ß-aminoethyl ether) N,N,N’-tetraacetic acid
EMP  Emphysematous hamster
FEV
1
   Forced expiratory volume in first second
FVC  Forced vital capacity
GLs  Grey levels
GOLD  Global initiative for Chronic Obstructive Lung Disease
GSH  Reduced glutathione
H
2
O
2 
 Hydrogen peroxide
HBSS  Hanks’ balanced salt solution
HOCl  Hypochlorous acid
IP
3
  1,4,5-trisphosphate
K
ATP
  ATP sensitive potassium channel
L
o
  Optimal fiber length
MHC  Myosin heavy chain
ML  Muscle length
MW  Muscle weight
NAC   N-Acetylcysteine
NMJ   Neuromuscular junction
NTF  Neuromuscular transmission failure
(n)NOS  (neuronal type of) nitric oxide synthase
ONOO   Peroxynitrite 
PaO
2 
 Arterial pressure of oxygen
PaCO
2 
 Arterial pressure of carbon dioxide 
PB  Phosphate buffer
Pi  Ionic Phosphate
P
40
M  Maximal specific force at direct muscle stimulation at 40 Hz
7P
40
N  Maximal specific force at direct nerve stimulation at 40 Hz
P
o 
  Maximal tetanic force
P
t
   Twitch force
ROI  Region of interest
ROS  Reactive oxygen species
RyR  Ryanodine receptor
SDH  Succinate dehydrogenase
SE  Standard error
SNAP   S-nitroso-N-acetylpenicillamine 
SNK  Student-Newman-Keuls post hoc test
S-NP  Sodium nitroprusside
SR  Sarcoplasmic reticulum
Vo
2   
Oxygen consumption
Vmax  Maximal velocity of unloaded shortening
Wmax  Maximal workload
XeD   Xestospongin-D
XO  Xanthine oxidase
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Chapter 1
Introduction
Chronic Obstructive Pulmonary Disease
Chronic Obstructive Pulmonary Disease (COPD) is characterized by progressive and irreversible 
airway obstruction, and includes four GOLD (Global Initiative for Chronic Obstuctive Lung 
Disease) stages of severity classified by spirometry (table 1).
Table 1
Stage    Characteristics
Stage I: Mild   FEV1/FVC < 0.70
    FEV1 ≥ 80% predicted
Stage II: Moderate   FEV1/FVC < 0.70
    50% ≤ FEV1 < 80% predicted
Stage III: Severe   FEV1/FVC < 0.70
    30% ≤ FEV1 < 50% predicted
Sage IV: Very Severe   FEV1/FVC < 0.70
    FEV1 < 30% predicted or FEV1 < 50% predicted plus chronic  
    respiratory failure
FEV
1
 = Forced expiratory volume in first second; FVC = Forced vital capacity; respiratory failure: arterial 
partial pressure of oxygen (PaO
2
) less than 8.0 kPa with or without arterial partial pressure of CO
2
 (PaCO
2
) 
greater than 6.7 kPa while breathing air at sea level.
The chronic airflow limitation is caused by a mixture of small airways disease (obstructive 
bronchiolitis) and parenchymal destruction (emphysema). COPD is a major cause of chronic 
morbidity and mortality around the world. It is associated with chronic inflammation in the 
lungs, which is thought to be initiated by the inhalation of noxious particles and gases such as 
cigarette smoke (11; 36; 44). Management of COPD is focused on assesing and monitoring the 
disease, reducing risk factors, and managing stable disease and exacerbations. Pharmacological 
intervention is often symptomatic, and is directed towards bronchodilatation and anti-
inflammatory agents. Smoking cessation can slow the rate of deterioration of lung function.
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COPD and respiratory muscle dysfunction
Skeletal muscle dysfunction frequently occurs in patients with severe COPD (9; 21; 46). This 
is of clinical importance since dysfunction of peripheral and respiratory muscles is associated 
with impaired exercise capacity, increased medical consumption, and mortality (22;15). The 
diaphragm, which is  morphologically and functionally a skeletal muscle, is of interest, since 
it is the main inspiratory muscle. It is very active, with a duty cycle (i.e., fraction of time active 
versus inactive) of ~40 %, compared with duty cycles of 2 – 15 % for limb skeletal muscles in 
normal subjects (50). In COPD, an imbalance may exist between diaphragm load and capacity. 
Ultimately this could result in respiratory muscle dysfunction. For instance, to achieve adequate 
alveolar ventilation, the pressure output of the inspiratory muscles during breathing in rest can 
be more than three times higer than in healthy subjects (30; 32). Consequently, the oxygen 
cost of respiration is higher in patients with COPD. Factors contributing to the development 
of respiratory muscle dysfunction in COPD include forward failure (27), malnutrition (18), 
prolonged use of oral corticosteroids (16), and abnormalities in gas exchange and electrolyte 
concentrations (4). Hyperinflation places the diaphragm muscle at a suboptimal position of the 
Frank-Starling curve, limiting the muscle to generate force and increases the work of breathing 
(14). This attributes to the already high energy demands the diaphragm faces. Indeed, in patients 
with very poor exercise tolerance (i.e. peak VO
2
 <10 L/min), respiratory energy demands could 
account for up to one-third of total body VO
2
, as compared with 5 to 7% in health. 
Muscle performance can be considered in terms of strength and endurance. Strength 
is defined as the capacity of the muscle to develop maximal force, and endurance is defined 
as the capacity of the muscle to maintain a certain force over time, thus, to resist fatigue. 
Hamilton and coworkers (23) compared maximal inspiratory and expiratory pressures (using 
a manometer) and quadriceps strength (dynamic voluntary contractions against hydraulic 
resistance) in healthy subjects and in COPD patients with similar age. They showed  that 
a large portion of the COPD patients had significantly less strength in both peripheral and 
respiratory muscles. Muscle strength was a significant contributor to symptom intensity and 
work capacity in both health and disease. Polkey et al. (46) found that patients with COPD had 
a decrease in the ability to generate transdiaphragmatic pressure, measured by both maximal 
sniff transdiaphragmatic pressure and twitch transdiaphragmatic pressure. Data from our own 
laboratory showed that diaphragm muscle single fibers from patients with COPD have reduced 
force generating capacity, concomitant with myosin heavy chain degradation (42).
12
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Hypoxia in skeletal and respiratory muscle
Hypoxemia is a common feature in several respiratory diseases, such as COPD, acute respiratory 
distress syndrome (ARDS), and severe pneumonia. It impairs force generation and increases 
fatigability of respiratory and peripheral skeletal muscles (5; 19; 25; 28; 38; 55; 56). Hypoxia may 
enhance muscle fatigue and slows the rate of muscle relaxation during isometric contractions 
(20). Hypoxia is known to reduce the excitability of the sarcolemma and decrease Ca2+-release 
from the sarcoplasmic reticulum (51). In a recent study, our laboratory demonstrated that muscle 
bundle hypoxia impairs skinned single fiber contractility, indicating hypoxia-induced contractile 
protein dysfunction (41). Inhibition of Nitric Oxide (NO) synthases (NOS) prevented hypoxia-
induced reduction of single fiber contractility. This indicates that NO, or products downstream 
of NO-synthesis, play a role in hypoxia-induced contractile protein dysfunction.
Hypoxia has been shown to induce ultra-structural damage in mouse soleus- and 
diaphragm muscle. Contraction damage comprised of blurred and dissoluted Z-lines, and 
dissolution of I-bands. Relaxation damage included dissolution of sarcomeres, and early 
spacing of myofibrils. Other signs of ultrastructural damage, such as disruption of the plasma 
membrane, mitochondrial swelling and myofibrillar breakdown have also been described in 
hypoxic muscle (49). Hypoxia has also been shown to inhibit sarcoplasmic reticulum Ca2+ re-
uptake from the intracellular space (17; 58). This could result in an increase of intracellular 
Ca2+ levels, what could destroy sarcolemma and cytoskeleton proteins, via activation of calcium 
dependent proteases. 
Free radicals
Free radicals are atomic or molecular species with unpaired electrons on an otherwise open shell 
configuration. These unpaired electrons are usually highly reactive. Free radicals are generated 
during rest and production increases during muscle contraction (13). They modulate contractile 
function in a concentration and time dependent fashion (10; 24; 33; 45). For instance, the 
antioxidant enzyme catalase decreased maximal force generation of rat diaphragm muscle strips 
in vitro (47). However, overproduction of free radicals is associated with impaired contractile 
performance (2). A frequently used term is reactive oxygen species (ROS), which  include oxygen 
ions, such as superoxide anion (O2•
-), and hydroxyl radical (HO•) and intermediates in free 
radical reactions, e.g. hydrogen peroxide (H
2
O
2
), peroxinitrite (ONOO−) and hypochlorous acid 
(HOCl). Andrade and coworkers (3) demonstrated that hydrogen peroxide modulates myofibrillar 
Ca2+ sensitivity and cross-bridge cycling kinetics in mouse skeletal muscle. Oxidative stress is 
likely to be involved in the respiratory muscle dysfunction in severe COPD. For instance, levels of 
reactive carbonyl group are increased in diaphragm of patients with COPD and correlate with 
13
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the severity of their disease (6). The ubiquitous enzyme xanthine oxidase (XO) is an important 
source of exercise-induced free radical generation in patients with severe COPD (26). Further, 
levels of antioxidant enzymes, such as catalase, are increased in the diaphragm of these patients 
(54). 
Hypoxia enhances generation of reactive oxygen- and nitrogen species in  cardiac (43) 
and diaphragm muscle (57). Scavenging free radicals with N-Acetylcysteine (NAC) and Tiron, 
improved in vitro isometric force generation of the rat diaphragm under hypoxic conditions 
(39). Data on the effect of free radical scavenging on shortening velocity or power output in 
diaphragm muscle during hypoxia are limited.
 
Skeletal muscle; structure and function
Muscle fibers can be classified histochemically as type I, IIa, IIb, IIc, or IIx, based on differences 
in staining for myofibrillar adenosine triphosphatase (m ATPase) after preincubation at different 
pHs (52). A general correlation exist between the histochemical classification of fiber types and 
the expression of different myosin heavy chanin (MHC) isoforms. Type I and II
a
 fibers are slow 
fibers and resistant to fatigue due to their highly oxidative metabolism, whereas II
x
 and II
b
 fibers 
are easily fatiguable and fast. 
Structural adaptations have been described in patients with COPD. For instance, 
Levine et al.  (34) have shown that the diaphragm in severe COPD (FEV
1
 33 ± 4% pred.) has 
a higher proportion of type I (slow, less fatiguable) fibers and a lower portion of type 2 (fast) 
fibers compared with non-COPD patients. Diaphragm injury at the structural level, for instance 
sarcomere disruption, has been described in these patients, possibly influencing diaphragm 
function negatively (35; 40; 48).
Excitation-contraction coupling
An action potential in the skeletal muscle cell is what triggers muscle cell contraction. It is the 
result of the combined action of electrophysiological, biochemical and mechanical processes, 
also reffered to as excitation-contraction coupling (8). In short, upon activation a wave of 
depolarization propagates along the muscle fiber length and passes down the T-tubules into 
the interior of the muscle fiber activating Dihydropyridine receptors (DHP). The DHP receptor 
connects with the sarcoplasmic reticulum (SR) ryanodine receptors (RyR) (electro-mechanical 
coupling). Upon activation of the DHP receptor, the RyR opens resulting in calcium release 
from the SR into the cytoplasm. Calcium released by SR increases the intracellular calcium 
concentration from about 10-7 to 10-5 M. The free Ca2+ binds to troponin C that is part of the 
regulatory complex attached to the thin filament. When Ca2+ binds to troponin C, this induces 
a conformational change of the complex, which initiates movement of tropomyosin on actin 
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and allows myosin heads to attach to the active sites on the actin filaments (formation of cross 
bridge). After attachment, the myosin heads undergo a conformational change which tilts the 
myosin head and drags the actin and myosin filaments in opposite directions. This tilting of the 
head causes force generation and is referred to as power stroke. Immediately after the myosin 
head tilts, it breaks away form the active site, rotates back to its original position and attaches 
to a new active site. This cyclic 
interaction between the myosin 
head and actin is called the 
cross-bridge cycle. At the end of 
the activation, Ca2+ entry into the 
cell slows and Ca2+ is sequestered 
by the SR by an ATP-dependent 
calcium pump (SERCA, sarco-
endoplasmic reticulum calcium-
ATPase), thus lowering the 
cytosolic Ca2+ concentration 
and removing calcium from the 
troponin.
Figure 1  Schematic representation of the steps involved in the excitation-contraction coupling process. 
Depolarizaton of the T-tubules results in release of Ca2+ from the sarcoplasmic reticulum. The released Ca2+ 
binds to troponin C which allows the myosin head to bind to actin. (Adapted from and reprinted with 
permission from Jones et al. (29).) 
Neuromotor control
As a first step in excitation contraction coupling, electrical activity on the cell surface is 
initiated at the motor endplate by a nerve impulse. Neuromotor control of the diaphragm 
muscle is organized similarly to other skeletal muscles, with the final common output being 
the motor unit, comprising a phrenic motoneuron and all the muscle fibres it supplies. Motor 
units and muscle fibers can be classified based upon structural and functional properties. A 
neuromuscular junction (NMJ) is the synaptic connection were a motor axon contacts the 
muscle fibre. Neuromuscular transmission starts with the synthesis of acetylcholine (ACh) in 
the axon terminus, and the release of Ach in the synaptic cleft. At the NMJ the muscle fibre 
membrane contains high concentrations of ACh –receptors that form an ion channel upon 
binding of ACh. The generated depolarisation results in a muscle fire action potential upon 
activation of voltage dependent Na+ -channels.
15
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Neurotransmission function
Diaphragm fatigue may be the result of a failure of the muscle itself to generate force or 
a failure in neuromuscular transmission (5). The importance of neuromuscular transmission 
failure in the development of respiratory failure has been demonstrated in intact animals (7). 
An in vitro estimation of neuromuscular transmission function can be made by comparing 
force generation upon direct muscle stimulation with force generation upon nerve stimulation. 
In an experimental setting, the diaphragm and adherent lower ribs are excised together with 
the phrenic nerve. The nerve-diaphragm preparation is mounted in a tissue bath. The muscle 
is stimulated directly by using platinum plate electrodes placed in close apposition on both 
sides of the muscle. The excised phrenic nerve is stimulated through a suction electrode. In vitro 
studies indicate that the contribution of neurotransmission failure to muscle fatigue ranges 
from 18 % (31) to as much as 75 % (1). 
Figure 2 Different motor unit types in the diaphragm muscle are distinguished by mechanical and 
fatigue properties of muscle fibers (type S, slow; type FR, fast-twitch, fatigue resistant; type FInt, fast-twitch, 
fatigue intermediate; and type FF motor units, fast-twitch, fatigable) as well as myosin heavy chain (MHC) 
isoform expression (MHC
Slow
, MHC
2A
, MHC
2X
, and MHC
2B
). (Adapted from and reprinted with permission 
from Mantilla et al. (37).)
Decreased neural and neuromuscular transmission has been described during phrenic 
or spinal cord transsection, phrenic nerve injury (hypoxic), demyelinating diseases or in diseases 
affecting the lower motor neurons (for a review see ref. (53)). Generalized muscle weakness has 
been described in patients who required mechanical ventilation for severe acute exacerbations 
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of obstructive airways disease. Often weaning dificulties are explained by failure of neural 
transmission in patients who underwent coronary artery bypass grafting due to phrenic nerve 
injury, or due to critical illness neuropathy. Sometimes, patients with severe airflow obstruction 
develop weaning difficulties with no evidence of  a specific  aetiological factor (12).
Aims and outline of the thesis
The general aim of this thesis is to evaluate structural and functional alterations of the 
diaphragm under conditions, which are associated with emphysema. Specifically, diaphragm 
contractility was observed during hypoxia. Ultrastructural changes and neurotransmission 
failure were assessed in emphysematous hamsters.
In chapter 2 the contractile properties of the rat diaphragm muscle were studied 
under hyperoxic and hypoxic conditions. Force-velocity relationship was measured, and 
maximum velocity of shortening and power output were calculated. Fatigue during repetitive 
isotonic contractions was determined.
  In chapter 3 the role of free radicals on in vitro isometric and isotonic contractile 
properties of the rat diaphragm were studied under hyperoxic and hypoxic conditions. In 
addition, the role of free radicals generated by XO was studied on isometric and isotonic 
contractile properties of the rat diaphragm during hyperoxia and hypoxia. 
 Chapter 4 describes the effects of the nitric oxide donor DEA-NO on Ca2+ release 
in C
2
C
12
 skeletal myotubes. Cytoplasmic free Ca2+ concentration was determined by fluo-3 
fluorescence using confocal laser microscopy. Myotubes were activated using acetylcholine and 
caffeine.
Chapter 5 evaluates diaphragm injury at the ultrastructural level in the 
emphysematous hamster diaphragm as measured by electron microscopy compared with age-
maged control hamsters.
 In chapter 6 we investigated the role of emphysema in hamster diaphragm 
neuromuscular transmission. Neurotransmission was determined by measuring force generation 
through direct muscle stimulation and by stimulation via the phrenic nerve during repetitive 
isometric contractions.  In a separate set of experiments the contribution of neurotransmission 
failure to total diaphragm fatigue was determined during repetitive isotonic contractions.
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Abstract
Hypoxia is known to reduce isometric contractile properties of isolated rat diaphragm bundles. 
Its effect on isotonic contractile properties (i.e. force-velocity relationship and power output) 
has not been studied. We hypothesised that hypoxia reduces velocity of shortening and 
consequently power output of the unfatigued muscle, and shortens endurance time during 
isotonic contractions. Force-velocity relationship, power output, and fatigue resistance of rat 
diaphragm muscle bundles were measured during hypoxia (Po
2
: 6.6±0.2 kPa) and compared 
with hyperoxia (Po
2
: 91.8±0.7 kPa). Force was clamped from 1 to 100% of maximal tetanic 
force (P
o
). Fatigue during isotonic contractions was induced by repeated stimulation every 2 
sec. at a clamp level of 33% of P
o
. Hypoxia did not affect isometric force generation compared 
with hyperoxia, nor contraction or relaxation time. In contrast, maximum shortening velocity 
decreased significantly (hypoxia: 4.2±0.3, hyperoxia: 6.0±0.2 L
o
/s, p<0.05). The force-velocity 
curve shifted downward (p<0.05). Hypoxia lowered power output at each load compared with 
hyperoxia (p<0.05). The isotonic endurance time was shorter during hypoxia compared with 
hyperoxia (80±2 vs. 130±3 seconds, p<0.05). These data show that hypoxia depresses isotonic 
contractile properties and power output, and reduces endurance time during repeated isotonic 
contractions.
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Introduction
Hypoxia is known to impair skeletal and respiratory muscle performance. In animal studies, 
hypoxia depressed isometric diaphragm contractility and fatigue resistance in both in vivo (4) 
and in vitro (6; 27) experiments. In a previous  study (32), 90 minutes of hypoxia (~7 kPa) 
reduced diaphragm twitch and tetanic force by 70% as compared with a reduction of ~50% 
during a hyperoxic control group (~84 kPa). Mohanraj (17) showed a downward shift in the 
force-frequency relationship during hypoxia, whereas in the study of Esau (6) force-frequency 
relationship only decreased over the midrange from 20 to 60 Hz, compared with control. 
Hypoxia may enhance muscle fatigue and slows the rate of muscle relaxation during isometric 
contractions (7). In contrast, other studies showed no influence on isometric muscle fatigue (6; 
23). Thus, it has been demonstrated that hypoxia may reduce muscle force generation.
 To what extend muscle shortening characteristics are affected by hypoxia is unknown. 
Shortening velocity is correlated with myosin ATP-ase activity (3), and is determined by the 
rate of cross-bridge detachment. Cross-bridge detachment is inhibited by ADP accumulation 
(1). The ATP consumption rate during shortening is higher than during isometric contractions 
(15; 19; 20; 29). Also, ATP consumption rate increases in proportion to shortening velocity (9). 
During shortening contractions accumulation of ADP may occur (1). Because the production of 
ATP by myosin ATPase is oxygen-dependent, hypoxia may reduce the amount of ATP available 
for the muscle, and, of more importance, ADP will accumulate. 
In the present study it was hypothesised that hypoxia reduces velocity of muscle 
shortening and thus power output of the unfatigued muscle, and shortens endurance time 
during isotonic contractions. To test this hypothesis we compared isotonic contractile properties 
of rat diaphragm bundles under hypoxic and hyperoxic conditions.
 We show that the force-velocity characteristics of the unfatigued muscle are reduced, 
and that fatigue during isotonic contractions occurs earlier in hypoxia compared with 
hyperoxia. 
                   
Materials and methods
Study design
Diaphragm muscle bundles from adult rats were mounted in tissue bath at 26 °C. Muscle 
bundles were divided into two groups: 1) hyperoxia and 2) hypoxia. After thermo-equilibration in 
hyperoxia, baseline isometric contractile properties (i.e. twitch and tetanic force) were measured 
in both groups under hyperoxic circumstances. Subsequently, the bundles were exposed to the 
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test gas mixture (hyperoxia, n=7 and hypoxia, n=7) and allowed to equilibrate for 15 minutes. 
Thereafter, isometric twitch and tetanic forces were measured again. Subsequently, we measured 
the force-velocity relationship at afterloads ranging from 1 to 100% of maximal tetanic force 
(P
o
). Fatigue during isotonic contractions was determined at maximum power output (assumed 
a priori to be ~33% of Po) at one contraction every 2 seconds (25). 
General procedures
Fourteen adult male outbred Wistar (HsdCpb:WU) rats, aged ~10 months  (500-700 g) were 
used in this experiment. The rats were housed under standard Specified Pathogen Free conditions 
according to the FELASA recommendations (21) (Central Animal Laboratory, Catholic University 
of Nijmegen, The Netherlands). They were fed with rat chow (RMH-B 1010, Hope Farms B.V., 
Woerden, The Netherlands) and water ad libitum. Animals were housed (two per cage) under a 
12:12 light-dark cycle. All procedures were approved by the Animal Experiments Committee of 
the University of Nijmegen. 
 All experiments were performed according to previously described methods (33; 36; 37). 
The animals were anaesthetised with pentobarbital sodium (70 mg/kg ip). A tracheotomy was 
performed, and a polyethylene cannula was inserted. The animals were mechanically ventilated 
with 100% O
2
 (flow of 0.5 ml/g bodyweight/min; respiration frequency 70 breaths/min). The 
diaphragm (including the adjacent ribs) was quickly removed after combined laparotomy and 
thoracotomy, and was immediately submersed in cooled oxygenated (95% O
2
, 5% CO
2
) Krebs 
solution at a pH of 7.4. The Krebs solution consisted of 137 mM NaCl, 4 mM KCl, 2 mM CaCl
2
, 
1 mM MgCl
2
, 1 mM KH
2
PO
4
, 24 mM NaHCO
3
, 7 mM glucose and 25 µM d-tubocurarine (Sigma 
Chemicals, Bornem, Belgium). 
From the central costal region of the right hemidiaphragm, a rectangular bundle (~ 2.5 
mm wide) was dissected parallel to the long axis of the muscle fibers. Silk sutures were tied firmly 
to both ends to serve as anchoring points. The bundle was mounted vertically and suspended in a 
tissue bath containing Krebs solution, maintained at 26 °C, and perfused with a 95% O
2
-5% CO
2
 
mixture. The origin of the muscle bundle at the costal margin was attached to a metal clamp 
mounted in series with a micromanipulator at the base of the tissue bath. The suture attached 
to the central tendon was attached to the lever arm of a dual-mode length-force servo-control 
system (Cambridge Technologies, model 308B, Cambridge, USA) using a steel hook.
 The Cambridge system was controlled by using the software program Poly 5.0 
(Inspector Research Systems B.V., Amsterdam, The Netherlands) running on a Pentium PC. 
Length and force were controlled independently, allowing the Cambridge system to operate 
either in isometric or isotonic mode respectively. Length and force outputs were digitized using 
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a data-acquisition board (DASH1602, Keithley, Taunton, USA) at a sampling frequency of 2.0 
kHz. 
The muscle was stimulated directly by using platinum plate electrodes placed in close 
apposition on either side of the muscle. Rectangular current pulses (0.5 ms) were generated by 
a stimulator (Instrumentele Dienst Electronics, University Medical Centre of Nijmegen) activated 
by a personal computer. To ensure supramaximal stimulation, the bundles were stimulated 1.25 
times the current needed for maximal activation (~200-250 mA). Muscle preload force was 
adjusted using the micromanipulator until optimal fiber length (L
o
) for maximal twitch force (P
t
) 
was achieved.  
 The Cambridge system was first set for length control (isometric mode) such that the 
system acted purely as a force transducer. After 15 minutes of thermo-equilibration both P
t
 and 
P
o
 were determined with a 2 min. interval between subsequent stimulations. Contraction time 
(Ct, i.e. time to maximal force generation) and half-relaxation time (½RT, i.e. time at which 
force drops by 50%) of single twitches were assessed off-line with manually controlled cursors. 
Next, gas mixture was changed to appropriate experimental conditions. The muscle bundle was 
exposed to hyperoxia (95% O
2
- 5% CO
2
), or hypoxia (95% N
2
-5% CO
2
), allowing for 15 minutes 
of equilibration. 
Before setting the Cambridge system for force control (isotonic mode), P
t
 and P
o
 were 
determined, to examine the effect of hypoxia on isometric force generation. Thereafter, the 
force-velocity relationship of the diaphragm muscle was determined. The muscle was stimulated 
for 330 ms, while force was clamped at afterload values ranging from 1 to 100% of P
o
. Muscle 
shortening velocity at each clamp level was calculated as the change in muscle length during a 
30-ms period and expressed as muscle lengths per s (L
o
/s). To determine fatigue during isotonic 
contractions, the load clamp level was set for maximum power output (assumed a priori to 
be ~33% Po in all groups), and the muscle was stimulated every 2 s (330 ms train duration). 
Stimulation continued until no muscle shortening could be observed, and this was defined as 
the isotonic endurance time (25). After the isotonic fatigue protocol, pH, Po
2
 and Pco
2
 of the 
Krebs solution were measured in both hyperoxic and hypoxic conditions (Ciba Corning 238 pH/ 
Bloodgas Analyzer, Halstead, England). 
All measurements were conducted within 50 min after the first thermo-equilibration 
period. After completion of the force measurements muscle bundle length was measured with a 
micrometer (model 560-128, Mitutoyo, Veenendaal, The Netherlands) and bundles were blotted 
dry, central tendon and ribs were removed and muscle weight was determined on an analytic 
balance (model BP160 P, Sartorius Instrumenten B.V., Nieuwegein, The Netherlands). 
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Data treatment and statistics 
Cross-sectional area was calculated by dividing diaphragm bundle weight (in grams) by length 
(cm) times specific density (1.056 gram/cm3). Force is expressed per cross-sectional area (in 
N/cm2), and the P
t
/P
o
 ratio was calculated for each muscle bundle. Contraction time and ½RT 
relative to P
t
 were expressed as percentage of the initial (hyperoxic) value. 
 Muscle shortening velocity at each clamp level was calculated as the change in muscle 
length during a 30-ms period and expressed as L
o
/s. To eliminate the effect of passive muscle 
compliance, the time window for shortening velocity measurements was set to begin 10 ms 
following the first detectable change in muscle length. The force-velocity measurements were 
least-squares fitted to a hyperbolic curve by using the Hill equation, and V
max
, was determined 
by extrapolation (11):
(P + a)(V + b) = (P
o
 + a)b
where P is force, P
o
 is maximum isometric force, V is velocity of shortening, and a and b are 
constants with dimension of force and velocity respectively, and a and b are constants with 
dimension of force and velocity, repectively. The constants b and a were calculated using a 
computer program (Fig.P for Windows v2.7; Fig.P Software Corporation, Durham, NC) that 
fitted the data to the Hill equation. Power (force [N/cm2] times shortening velocity [L
o
/s]) was 
calculated for each load clamp release and plotted with respect to load (expressed as Watt/
m2).  The total work performed by the diaphragm muscle was calculated as the area under the 
curve relating force and power (33). 
All data are presented as means ± SE. Differences in contractile parameters between the 
two treatment groups were analysed using one-way analysis of variance (ANOVA) for repeated 
measures, followed in the event of a significant ANOVA by the Student-Newman-Keuls (SNK) post 
hoc testing. Parameters requiring repeated measures over time (i.e. force-velocity, force-power, 
fatigue) were estimated by using repeated measurement models, and SNK post hoc testing 
if appropriate. V
max
, maximum power, total work, and endurance time were analysed by using a 
Student’s t-test. Statistical analysis was performed using the SPSS package, v 9.0 (Chicago, IL). 
Comparisons were considered significant at p<0.05. 
    
Results
Verification of tissue-bath hypoxia
Perfusion of the tissue bath with the hypoxic gas mixture, resulted in a partial oxygen pressure 
(Po
2
) in the Krebs solution to ~6.6 kPa, as compared with ~92 kPa in the hyperoxia group 
(p<0.05; Table 1). There was a significant but small difference in Pco
2 
between the hypoxia and 
hyperoxia groups. No difference in pH between the two groups was observed.
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Diaphragm Strip Dimensions
There were no significant differences in diaphragm bundle dimensions between the hypoxia 
and hyperoxia groups (weight: hypoxia: 33.4±1.5 and hyperoxia: 36.0±1.3 mg; optimal muscle 
length: 2.16±0.06 vs 2.10±0.04 cm; width: 2.07±0.05 vs 2.12±0.09 mm; thickness: 0.61±0.05 
vs 0.71±0.05 mm).
Table 1
Gas tensions in Krebs solutions  
            Hyperoxia            Hypoxia 
N    7   7
pH    7.42±0.02  7.38±0.02 
Po
2
, kPa    91.8±0.7   6.6±0.2 *
Pco
2
, kPa    4.3±0.2   4.9±0.1 *
Values represent mean ± SE. Krebs solution pH, partial oxygen pressure (Po
2
) and partial carbon dioxide 
pressure (Pco
2
). Measured at the end of the isotonic fatigue protocol. * p<0.05 compared with hyperoxia
Figure 1      
Isometric Contractile Properties
Isometric contractile properties are listed 
in Table 2. Baseline diaphragm twitch and 
tetanic force and the ratio P
t
/P
o
 were not 
different between hyperoxia and hypoxia. 
Initial Ct and ½RT between treatment groups 
were not different (Ct/P
t
: 5.1±0.5 hyperoxia; 
5.0±0.2 hypoxia, ½RT/ P
t
: 5.8±0.4 hyperoxia; 
5.3±0.3 [ms x cm2/N] hypoxia) (Fig 1 A. and 
B.).
After 15 minutes of equilibration under hypoxic 
conditions, P
t
 and P
o
 were not significantly 
altered compared with baseline values. The 
ratio P
t
/P
o
 was significantly decreased in the 
hyperoxic group. After 15 min of hyperoxia Ct 
was significantly reduced compared with baseline. Hypoxia did not affect Ct or ½RT.
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Isotonic Contractile Properties
Hypoxia shifted the force-velocity relationship downwards (p<0.05; Fig. 2). The extrapolated 
V
max 
 of the hypoxia treated diaphragm was ~30% lower than in hyperoxia (4.2±0.3 vs. 6.0±0.2 
L
o
/s) (p<0.05; Fig. 2 and Table 2). 
 The force-power curve of hypoxic bundles was shifted downward compared with 
hyperoxia (p<0.05; Fig. 3). Maximal power output, observed at ~30% of Po in both groups, 
was reduced by ~40% after hypoxia (1712±97 vs. 2608±202 W/m
2) (p<0.05; Table 2; Fig. 3). 
Total work performed in the hypoxia group significantly decreased by ~45% compared with 
hyperoxia (194±12 vs. 355±25 J/m2) (Table 2).
Table 2
Effects of hypoxia and hyperoxia on isometric and isotonic contractile properties of rat diaphragm 
bundles.
Baseline specific forces   After Equilibration in test gas mixture 
 
   Pt               Po             Pt/Po    group          Pt             Po            Pt/Po         Vmax           Wmax           Work
N/cm²       N/cm²                                      N/cm²       N/cm²                           Lo/s           W/m²            J/m²
9.0±0.7   22.1±1.4     0.40±0.01    Hyperoxia   8.6±0.5    24.5±0.9    0.35±0.01 †  6.0±0.2     2608±202   355±25
9.0±0.5   21.8±0.8     0.41±0.01    Hypoxia   8.0±0.5    21.8±0.8 *  0.36±0.01    4.2±0.3 *  1712±97 *   194±12 
Muscle bundles were divided into two groups: 1) hyperoxia and 2) hypoxia. After thermo-equilibration in 
hyperoxia, baseline contractile properties were measured in both groups under hyperoxic circumstances. 
Subsequently, the bundles were exposed to the test gas mixture. Thereafter contractile properties were 
measured. Values represent mean ± SE. Abbreviations: P
t
: peak twitch force; P
o
: maximum tetanic force. 
V
max
: maximum velocity of shortening; L
o
: optimal muscle length; W
max
: maximum power output;* p<0.05 
compared with hyperoxia, † p<0.05 compared with baseline values. 
Figure 2  Force-velocity relationship of rat diaphragm 
muscle. Normalized force-velocity relationships in the rat 
diaphragm after 20 min incubation in the experimental 
Krebs solution. Hypoxia reduced maximum velocity 
of shortening, and shifted the force-velocity curve 
downwards compared with hyperoxia (*P < 0.05).
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Fatigue during isotonic contractions
Figure 4 shows a raw tracing of muscle force and length over time during repeated isotonic 
contractions. With repetitive shortening contractions, maximum power output and work of the 
diaphragm in both groups rapidly declined (p<0.05; Fig. 5 A. and 5 B.). Repeated measures 
ANOVA showed a significant difference between the two groups (p<0.001). Isotonic endurance 
time was ~ 40% shorter in the hypoxic group compared with hyperoxia (80±2.2 vs. 130±3.1 
seconds, P<0.05).
Figure 3 Power output of rat 
diaphragm muscle. Normalized force-
power characteristics of the diaphragm 
after 20 min incubation in the 
experimental Krebs solution. Hypoxia 
reduced power output over a range of 
applied loads compared with hyperoxia 
(*P < 0.05).
Figure 4 Experimental traces of muscle 
force and length in fatigue during 
isotonic contractions of rat diaphragm 
muscle. The muscle strips were directly 
stimulated once every 2 s. The upper 
pannel shows force generation during 
repeated stimulation. Force remained 
constant over time, because the muscle 
was clamped at 33% of maximal 
force. The lower pannel shows muscle 
length changes over time. Muscle 
length output reduced over time during 
repeated contractions. The experiment 
was stopped until muscle was no longer 
able to shorten.
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Discussion
The results of the present study support our hypothesis that hypoxia reduces shortening velocity 
of unfatigued isolated rat diaphragm bundles. The force-velocity curve shifted downward and 
as a result power output was lower at each load during hypoxia compared with hyperoxia. The 
isotonic endurance time to repeated activation was decreased during hypoxia. Hypoxia did not 
affect isometric twitch and tetanic force, nor Ct and ½RT compared with the hyperoxic time 
controls. Since velocity of shortening correlates with myosin ATPase activity, it is suggested that 
hypoxia reduced the activity of this enzyme.
Isometric vs isotonic force generation and fatigue 
The total amount of energy, in the form of heat and work, liberated in isotonic shortening is 
higher than in isometric contractions (8; 15). The rate at which heat and work are produced 
depends on the rate of cross bridge turnover. With increasing shortening velocities there is a 
rapid detachment of cross bridges, which is dependent on myosin ATPase, accounting for the 
Figure 5 Power production and work in fatigue during isotonic contractions of rat diaphragm muscle. 
The load clamp level was set for maximum power output (assumed a priori at 33% of maximum tetanic 
force), and muscle strips were directly stimulated at 100 Hz for 330 ms repeated once every 2 s. The time 
point at which the muscle was no longer able to shorten was defined as isotonic endurance time. The power 
output was calculated as the product of force and shortening velocity, and work performed was calculated 
as the product of force and the time integral of the length curve. Power output of the diaphragm rapidly 
declined during hyperoxia. Isotonic endurance time was shorter in the hypoxia group (*P < 0.05; a). The 
amount of work performed significantly decreased in the hypoxia treated diaphragm muscle as compared 
with hyperoxia (b).
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increase in production of heat plus work. Adenosine triphosphate consumption rate at peak 
power output is higher than during isometric contractions (29). Shortening velocity correlates 
with myosin ATPase activity (3).
Force decline during repetitive contractions is faster in isotonic than in isometric 
contractions (25; 31). With muscle activation there is an increase in ATP consumption. Adenosine 
triphosphate is generated by the aerobic pathway, but also by the buffering capacity of the 
high-energy phosphate pools, e.g. phosphocreatine (36). Thus it is likely that during hypoxia 
energy demand exceeds aerobic capacity and energy supply shifts towards the phosphocreatine 
buffering capacity.
Hypoxia and muscle contractility
In previous studies, the effect of hypoxia on isometric diaphragm contractility was studied 
(4; 35). Reduction in force during hypoxia depends on the stimulation frequency used and 
the degree of hypoxia. Severe hypoxia reduced force-frequency relationship after rhythmic 
contractions in vivo at a time tension index of 0.15 to a greater extend than at a low intensity 
of stimulation (4). In vitro, no force decline was observed after 60 seconds continuous 0.1 Hz 
or 20 Hz intermittent stimulation during hypoxia (35). Force reduced significantly over a 60-s 
period of 5 Hz stimulation. The tension generated at 25 Hz stimulation for 160 ms significantly 
reduced after a 15-min period of hypoxia compared with hyperoxia (6). Twitch tension reduced 
to a level of 10% of baseline value after 25 minutes of hypoxia (Po
2
 30-38 mmHg)(27). With 
higher oxygen tension in tissue bath (Po
2
 140 mmHg) twitch tension reduced to ~70 % of 
baseline value with a similar stimulation protocol (28). Furthermore, the rate of relaxation 
increases with hypoxia (35). 
 Tissue baths Po
2
 in our study were comparable to a previous study (32). The Ringer 
solution in the study by Seow and Stephens (25) reached a Po
2 
of 9.6 kPa (72 Torr) after 
aerating the bath with 95% N
2
-5% CO
2 
for 30-60 minutes. Mohanraj et al (17) continuously 
measured Po
2
 in the bath medium. The oxygen pressure fell below 6.7 kPa (50 Torr) within 3 
min, and dropped further below 0.8 kPa (6 Torr) after 20 min by aerating the medium with 
a 95% N
2
-5% CO
2
 gas mixture. In the study by van Lunteren, (35) oxygen saturation fell 
below 5% after 50 s. In our study oxygen tension was 6.6 kPa after 45 min of hypoxia. We 
continuously measured pH and controlled it between 7.35 and 7.45. In this way, only changes 
in Po
2
 are likely to explain the differences found between the groups. 
 Oxygenation of the muscle bundles in this experimental design depends on oxygen 
diffusion into the core region of the tissue. Variables interacting with the degree of oxygen 
diffusion are tissue bath temperature and size of the muscle bundle (24). With temperatures 
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up to 25 °C and a muscle bundle thickness of <2.0 mm, contractile properties are not affected 
in a hyperoxic tissue bath (24). Thus, differences between hyperoxia and hypoxia in this model 
with muscle thickness <0.6 mm are solely due to differences in oxygen tension itself. 
 In our study, fatigue during isotonic contractions was more pronounced under hypoxic 
conditions than during hyperoxia. Endurance time was shorter in hypoxia. This is in line with the 
results from Seow and Stephens (25), who showed a dramatic increase in the rate of isotonic 
fatigue under hypoxic conditions (Po
2
 69 Torr) compared with normoxia. 
Mechanisms of changes in muscle contractility during hypoxia
The mechanisms underlying metabolic and structural alterations that reduce muscle 
contractility (including force generation and muscle shortening) under hypoxia have in part 
been reviewed by Sieck and Johnson (30). In hypoxia sarcolemmal excitability is reduced (5). 
This could be attributed to an increase in potassium conductance. With ATP depletion, ATP 
sensitive potassium channels (K
ATP
) located on the sarcolemmal membrane open and K+ flows 
out of the cell, causing a reduction in action potential duration (5). It was suggested that these 
channels could contribute to a greater extend to fatigue in hypoxia during isotonic contractions 
(34). As mentioned above, shortening contractions are more ATP consuming, leading to a 
faster depletion of intracellular ATP concentration and for this reason a greater activation of 
K
ATP
. Indeed, in our study severe hypoxia led to a significant decrease in work during repeated 
isotonic contractions. Thus, the role of K
ATP
-channels during hypoxia in isotonic fatigue could be 
more pronounced than during isometric fatigue.
 With repetitive activation succinate dehydrogenase (SDH) activity is down regulated 
across all fiber types, but is most pronounced in type II
b
 fibers (12). succinate dehydrogenase is 
a membrane bound mitochondrial enzyme, which supplies the respiratory chain with electrons 
coming from the tricarboxylic acid cycle. Reduction of SDH activity is more pronounced at lower 
rates of stimulation, although force reduction was higher at higher stimulation frequencies. The 
mechanisms underlying the downregulation of oxidative enzymes with repeated stimulation are 
unknown. Cellular damage, an actual metabolic regulatory process, or oxygen free radicals are 
likely to be involved (12).
 Oxygen free radicals are generated in resting diaphragm muscle, and production 
increases with repetitive stimulation (13; 22). Our laboratory showed an inverse correlation 
for in vitro force generation with markers for free radical generation (10). Radical production is 
increased after reoxygenation of hypoxic tissue (14). Whether or not hypoxia increases radical 
production in skeletal muscle is unknown. 
 Hypoxia is also known to cause ultrastructural damage in the mouse soleus and 
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diaphragm (16; 26). Ultrastructural damage was reported after 60 min of tissue bath hypoxia, 
and consisted of contraction and relaxation damage. Contraction damage comprised blurred 
and dissoluted Z-lines, and dissolution of I-bands. Relaxation damage included dissolution of 
sarcomeres with Z-line sliding, extension of the sarcomeres, and early spacing of myofibrils. Other 
signs of ultrastructural damage like disruption of the plasma membrane, mitochondrial swelling 
and myofibrillar breakdown have also been described.  Ultrastructural damage may therefore 
contribute to force decline during hypoxia, which is likely mediated by intracytoplasmatic 
calcium (2).
Clinical implications
Hypoxia frequently occurs during a situation encountered during an asthma attack, or an 
exacerbation in severe chronic obstructive pulmonary disease (COPD) along with hypercapnia 
or disturbances in electrolyte balance. This is particular relevant since respiratory muscle 
weakness is related to the presence of COPD (18). Therefore, hypoxia may impede respiratory 
muscle function.
Conclusion
Hypoxia has profound effects on the force generating capacity of rat diaphragm muscle in 
isotonic contractions and fatigue. Velocity, work, and power output are negatively affected 
under hypoxic conditions. Several mechanisms may contribute to these alterations, including 
ion disturbances, down regulation of mitochondrial enzymes and the formation of reactive 
oxygen species.
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Abstract
Recent evidence indicates that hypoxia enhances the generation of oxidants. Little is known 
about the role of free radicals in contractility of the rat diaphragm during hypoxia. We 
hypothesized that antioxidants improve contractility of the hypoxic rat diaphragm and that 
xanthine oxidase (XO) is an important source for free radicals in the hypoxic diaphragm. The 
effects of N-Acetylcysteine (NAC, 18 mM), Tiron (10 mM) and the XO inhibitor allopurinol (250 
µM) were studied on isometric and isotonic force generation during hypoxia (Po
2
 ~ 7 kPa). NAC 
and Tiron decreased maximal force generation, slowed shortening velocity and decreased power 
output. Fatigue rate was decreased in the presence of either NAC or Tiron. Allopurinol did not 
alter contractility or fatigability of the diaphragm. During hyperoxia (Po
2
 ~85 kPa), neither NAC 
nor allopurinol affected the contractility or fatigability of the diaphragm. Thus, free radicals 
play a significant role in diaphragm contractility during hypoxia. Whether antioxidants exert 
a beneficial or harmful effect on muscle performance depends on the contraction pattern of 
the muscle. Free radicals generated by XO do not play a role in diaphragm contractility during 
either hypoxia or hyperoxia. 
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Introduction
Free radicals are important modulators of respiratory muscle function (2; 18; 28). Scavenging 
free radicals in the unfatigued rat diaphragm impairs in vitro force generation (28), indicating 
that free radicals are essential for optimal contractile function. However, oxidative stress, an 
imbalance between oxidants and antioxidants in favor of the former, impairs skeletal muscle 
contractility (20). Recently, data from our own laboratory (15) showed that markers for free 
radical generation inversely correlate with in vitro force generation of the diaphragm in an 
animal model of pulmonary emphysema. Fatiguing contractions enhance the generation of free 
radicals in the rat diaphragm muscle (19), and overproduction of free radicals during contractile 
activity is associated with the development of respiratory muscle fatigue (30). Scavenging free 
radicals during strenuous contractions reduces fatigability of the rat diaphragm in vitro (18). 
 Hypoxia, which is a common feature in several diseases including chronic obstructive 
pulmonary disease (COPD), has been found to accelerate skeletal muscle fatigue in vitro (31; 
38) although in some other studies, hypoxia did not affect in vitro fatigability (10; 31). It has 
been shown that hypoxia enhances the generation of free radicals in rat cardiac tissue (26). 
Mohanraj et al (21) found that free radical scavengers such as N-Acetylcysteine (NAC) and 
Tiron improve in vitro force generation of the rat diaphragm under hypoxic conditions. 
 To date no study has evaluated the effect of free radical scavengers on shortening 
velocity or power output in striated muscle during hypoxia. This could be important because 
isotonic contractile properties better reflect diaphragm muscle performance in vivo. In addition, 
there is no a priori reason to believe why force and velocity should be affected to the same 
extent because the underlying cellular mechanisms are different. Morrison et al (24) showed 
that inhibiting the synthesis of nitric oxide does not affect the maximal force but reduces the 
maximal shortening velocity (V
max
) and maximal power output of the rat diaphragm in vitro. 
Based on previous studies (8; 26) showing elevated oxidant production in hypoxic tissues, the 
first hypothesis of the present study is that free radical scavengers increase Vmax and maximal 
power output of the rat diaphragm during severe hypoxia. The effects of scavengers will be 
more pronounced during fatiguing contractions when generation of free radicals is further 
increased. To test this hypothesis, we determined the effects of NAC and Tiron on isometric and 
isotonic contractile properties of the hypoxic rat diaphragm in vitro. 
Cellular sources for free radicals during hypoxia have not been identified yet. During 
normoxia, the mitochondrial electron transport chain is an important source of free radicals (5). 
Xanthine oxidase (XO) can generate superoxide in the presence of (hypo)-xanthine, a chemical 
reaction that is largely triggered and controlled by substrate availability (41). Strenuous 
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contractile activity, especially in the presence of hypoxia may favor ATP degradation in skeletal 
muscle, resulting in accumulation of hypoxanthine (12), which in turn may enhance generation 
of free radicals by XO (41). Recently, Heunks et al (14) found that allopurinol (a competitive 
XO inhibitor) prevents exercise-induced oxidative stress in patients with severe COPD. It is 
conceivable that this was at least partly the result of blocking XO in skeletal muscle. These and 
other studies (41) suggest that XO may be involved in generation of free radicals in skeletal 
muscle during hypoxia, which, in turn, may affect contractility. The second hypothesis of the 
present study is that free radicals generated by XO play a prominent role in hypoxia-induced 
impairment in force generation of the diaphragm. 
Methods
Study design 
The role of free radicals in contractile performance of the hypoxic rat diaphragm in vitro was 
assessed. In addition, the contribution of XO-derived free radicals on diaphragm contractility 
during hypoxia was investigated. Accordingly, the effects of two chemically distinct antioxidants, 
NAC and Tiron, and of the XO blocker allopurinol were tested on contractility and fatigability 
of the hypoxic rat diaphragm in vitro. Three control groups were studied: hyperoxia control, 
hyperoxia plus NAC, and hyperoxia plus allopurinol. The study was approved by the Animal 
Ethics Committee, University of Nijmegen (Nijmegen, The Netherlands).
General procedures
Adult male outbred Wistar rats aged 12-16 wk with a mean weight of 306 ± 6 (SE) g were 
used. The animals were housed in a specific pathogen-free unit and fed ad libitum. The rats 
were anesthetized with pentobarbital sodium (70 mg/kg body wt ip). Diaphragm bundles 
were prepared as previously described (36; 37). Briefly, a tracheotomy was performed, and a 
polyethylene cannula was inserted. The animals were mechanically ventilated with 100% O
2
. 
The diaphragm and adherent lower ribs were quickly excised after a combined laparotomy 
and thoracotomy and were immediately submersed in cooled oxygenated (95% O
2
-5% CO
2
) 
Krebs solution at pH ~7.4. This Krebs solution consisted of 137 mM NaCl, 4 mM
 KCl, 2 mM 
CaCl
2
, 1 mM MgCl
2
, 1 mM KH
2
PO
4
, 24 mM NaHCO
3
, 7 mM glucose, and 25 µM D-tubocurarine 
(Sigma, Bornem, Belgium).
 From the central costal region of the right and the left hemidiaphragm, one rectangular 
bundle from each was dissected parallel to the long axis of the muscle fibers. Silk sutures were 
tied firmly to both ends. The strips were mounted vertically in separate tissue baths containing 
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Krebs solution, maintained at 26°C, and perfused with a 95% O
2
-5% CO
2
 mixture. In general, 
the bundle excised from the right hemidiaphragm was used for isotonic contractile properties 
and the bundle from the left hemidiaphragm was used in the repetitive twitch experiments (see 
Repetitive Twitch Experiments). In total, 81 rats were used in the present study. 
Isotonic contractile properties
The insertion of the muscle bundle at the costal margin was attached to a metal clamp mounted 
in series with a micromanipulator at the base of the tissue bath. The suture attached to the 
central tendon was connected to the lever arm of a dual-mode length-force servo control system 
(Cambridge Technologies model 308B) with a steel hook. 
 The Cambridge system was controlled with Poly-5 based software (Inspektor Research 
Systems, Amsterdam, The Netherlands) running on a Pentium personal computer. Length and 
force could be controlled independently, allowing the Cambridge system to operate in either 
the isometric or isotonic mode, respectively. Length and force outputs were digitized with a data 
acquisition board (DASH 1602, Keithley) at a sampling frequency of 2.0 kHz. 
The muscle was stimulated directly with platinum plate electrodes placed on either side 
of the muscle bundle. Rectangular current pulses (0.5 ms) were generated by a stimulator (ID-
electronics, University of Nijmegen) activated by a personal computer. To ensure supramaximal 
stimulation, the strips were stimulated at 1.25 times the current needed for maximal activation 
(~200-250 mA). Muscle
 preload force was adjusted with the micromanipulator until the optimal 
fiber length (L
o
) for maximal twitch force (P
t
) was achieved. 
The Cambridge system was first set for length control (isometric mode). After 15 min 
of thermoequilibration, both P
t
 and maximal tetanic force (P
o
) at 100 Hz were determined 
twice, with a 2-min interval between subsequent stimulations. Next, the Krebs solution and gas 
mixture were changed to the appropriate experimental condition (see Effects of Free Radical 
Scavengers and XO Inhibition on Rat Diaphragm Isotonic Contractile Properties During Hypoxia 
for experimental groups). After 60 min of drug equilibration, measurements of P
t
 and P
o
 were 
repeated. Subsequently, the Cambridge system was set for force control (isotonic mode). The 
muscle was stimulated at 100 Hz (330-ms train duration) while force was clamped at different 
levels ranging from 1 to 100% of P
o
. There was a 2-min interval between each force clamp level. 
The muscle shortening velocity at each clamp level was calculated as the change in muscle 
length during a 30-ms period and is expressed as muscle lengths per second (L
o
/s). 
To determine isotonic fatigue, the load clamp level was set for maximum power output 
(assumed a priori to be ~33.3% of Po
 in all groups), and the muscle was stimulated at 100 Hz 
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(330-ms train duration) every 2 s. Stimulation continued until no muscle shortening could be 
observed, and this was defined as the isotonic endurance time. 
Repetitive twitch experiments
A previous study (2) demonstrated that free radicals exert time-dependent effects on skeletal 
muscle contractility. Because this may also be the case for antioxidants, we tested the effects 
of antioxidants on P
t
 for a 90-min period. The origin of the muscle was tied to a glass hook 
fixed to the bottom of the tissue bath. The central tendon end was connected to an isometric 
force transducer (model 31/1437-10, Sensotec, Columbus, OH) mounted on a micrometer. 
Two large platinum electrodes were placed parallel to the bundles. Stimuli were applied with 
a pulse duration of 0.2 ms and duration of 400 ms and were delivered by a stimulator (ID-
electronics) activated by a personal computer. Data acquisition and storage of the amplified 
signal were performed with a DASH 1602 interface on a personal computer (Twist-trigger 
software, ID-electronics). The strip was placed at L
o
, and after a 15-min thermoequilibration 
period, baseline P
o
 and P
t
 were determined. After the gas mixture and Krebs solution were 
changed to the appropriate experimental condition (see Effects of Free Radical Scavengers 
and XO Inhibition on Rat Diaphragm Isotonic Contractile Properties During Hypoxia), P
t
 was 
measured at 2-min intervals for 90 min in three different experimental groups, namely, hypoxia 
control (n = 9 bundles), hypoxia plus NAC (n = 8 bundles), and hypoxia plus allopurinol 
(n = 9 bundles). The pH of the Krebs solution was measured at regular intervals and maintained 
between 7.35 and 7.45.
Gas tension analysis
In pilot experiments, gas tension and pH of the Krebs solution were measured at regular 
intervals. After 15 min of thermoequilibration, the gas mixture in the “hypoxic groups” was 
switched to 5% CO
2
 and 95% N
2
. As shown in Fig. 1, this resulted in a rapid decline in O
2
 
tension of the Krebs solution (n = 8 bundles). In the hyperoxic groups, the gas mixture was 
maintained at 95% O
2
 and 5% CO
2
. In these groups, the PO
2
 of the Krebs solution did not 
change significantly throughout the experiments. In both groups, pH was maintained between 
7.35 and 7.45. 
 To verify the experimental conditions in the present studies, pH, PCO
2
, and PO
2
 of 
the Krebs solutions were measured after completion of the contractile experiments (isotonic or 
repetitive twitch).
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Effects of free radical scavengers and xanthine oxidase inhibition on rat 
diaphragm isotonic contractile properties during hypoxia
The effects of NAC (FLUIMUCIL, Zambon, Amersfoort, The Netherlands) and Tiron (4,5-dihydroxy-
1,3-benzenedisulfonic acid; Sigma-Aldrich, Zwijndrecht, The Netherlands) were determined on 
the contractile properties under hypoxic conditions. The final concentration of NAC was 18 mM 
and of Tiron was 10 mM. These concentrations have been shown to increase in vitro force 
generation of the rat diaphragm under hypoxic conditions (21). Allopurinol and its metabolite 
oxypurinol are well-known competitive XO inhibitors. In patients with COPD, Heunks et al. 
(14) recently showed that plasma concentrations of 13 µM allopurinol and 60 µM oxypurinol 
effectively inhibit exercise-induced free radical generation. 
Figure 1   Pilot experiments were performed 
to determine the change in PO
2
 of the Krebs 
solution in the hypoxic groups (n = 8 bundles). 
After 15 min of thermoequilibration, the 
hyperoxic gas mixture was substituted by a 
hypoxic gas mixture (see text for details).
In a pilot study, diaphragm muscle bundles were incubated in Krebs solution 
containing 13 µM allopurinol and 60 µM oxypurinol for 60 min under hypoxic conditions, 
and, subsequently, contractile properties of the bundles were determined. No significant 
differences were observed in the force-velocity characteristics, force-power characteristics, or 
isotonic fatigability between hypoxia control and allopurinol and/or oxypurinol-treated bundles 
(n = 6/group; data not shown). Therefore, the allopurinol (Sigma, St. Louis, MO) concentration 
in the tissue baths was set at 250 µM to ensure complete blocking of XO. The effects of the 
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antioxidants and allopurinol on contractility during hypoxia were compared with contractility 
in standard Krebs solution under hypoxic conditions. To assess the effects of hypoxia on rat 
diaphragm contractility, similar measurements were performed under hyperoxic conditions. In 
addition, the effects of free radical scavenging and XO inhibition were studied under hyperoxic 
conditions. Accordingly, seven experimental groups were studied: hypoxia control (n = 8 bundles), 
hypoxia plus NAC (n = 9 bundles), hypoxia plus Tiron (n = 7 bundles), hypoxia plus allopurinol 
(n = 9 bundles), hyperoxia control (n = 10 bundles), hyperoxia plus NAC (n = 9 bundles), and 
hyperoxia plus allopurinol (n = 11 bundles). The diaphragm bundles were randomly allocated 
to the treatment groups. 
After a thermoequilibration period, baseline contractile properties (P
t
 and P
o
) were 
determined under hyperoxic conditions (95% O
2
-5% CO
2
). Subsequently, perfusion of the 
tissue baths was either maintained with the hyperoxic gas mixture or switched to a gas mixture 
containing 5% CO
2
 and 95% N
2
 (hypoxia). At the same time, the Krebs solution was substituted 
with the experimental Krebs solution (i.e., control, NAC, Tiron, or allopurinol). After 60 min 
of gas and drug equilibration, contractile measurements were performed as described above. 
The repetitive twitch protocol started immediately after the gas mixture was changed and the 
experimental solutions were introduced.
Purine measurements
To determine the effects of strenuous contractions and XO blocking on ATP degradation 
products during hypoxia, hypoxanthine and xanthine concentrations were determined in 
the rat diaphragm. The allopurinol concentration in the diaphragm muscle bundles was also 
measured. The remaining muscular diaphragm from the rats in the hypoxic groups was used 
to determine the baseline (hypo)xanthine concentration in the diaphragm. After completion of 
the experiments, the bundles used for contractile properties were saved for later (hypo)xanthine 
and allopurinol measurements. The muscle sample was thoroughly rinsed with saline (0.9%), 
blotted dry, transferred to liquid nitrogen, and stored at -80°C until later biochemical analysis.
Data treatment and statistics 
After completion of the force measurements, muscle bundle length was measured with a 
micrometer, the bundles were blotted dry, the central tendon and ribs were removed, and muscle 
weight was determined. Cross-sectional area was calculated by dividing the diaphragm strip 
weight (in g) by the strip length (in cm) times the specific density (1.056). Force is expressed per 
cross-sectional area (in N/cm2). 
 The muscle shortening velocity at each clamp level was calculated as the change in 
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muscle length during a 30-ms period and is expressed as L
o
/s. To eliminate the effect of muscle 
compliance, the time window for shortening velocity measurements was set to begin 10 ms 
after the first detectable change in length. Because P
o
 was significantly different between 
experimental groups after 60 min of drug equilibration, force-velocity characteristics were 
plotted with respect to P/P
o
. The data were fitted to the Hill (16) equation:
    (P + a)(V + b) = (P
o
 + a)b
where P is force, P
o
 is maximum isometric force, V is velocity of shortening, and a and b are 
constants with the dimensions of force and velocity, respectively. From this equation, a/P
o
 can 
be derived. a/P
o
 represents the curvature of the force-velocity relationship, the value of which 
declines with increasing curvature. The constants b and a were calculated with a computer 
program (Fig.P for Windows, version 2.7, Fig.P Software, Durham, NC) that fit the data to the 
Hill equation. Power [force (N/cm2) × shortening velocity (L
o
/s)] was calculated for each load 
clamp release and plotted with respect to load. 
Differences in single baseline contractile properties, bundle dimensions, and 
gas pressure between the experimental groups were analyzed with one-way ANOVA and, if 
appropriate, Student-Newman-Keuls (SNK) post hoc testing. Parameters requiring repeated 
measures over time (i.e., force-velocity, force-power, fatigue) were estimated by using repeated-
measures models and, if appropriate, SNK post hoc testing. Statistical analysis was performed 
with the SPSS package version 9.0 (SPSS, Chicago, IL). Data are expressed as means ± SE. 
Comparisons were considered significant at P  0.05. 
Results
Verification of tissue bath hypoxia and strip dimensions
Perfusion of the tissue baths with the hypoxic gas mixture significantly reduced PO
2
 from 
84.8 ± 0.9 to ~6.8 ± 0.2 kPa. pH,
 which was continuously measured during all experiments, was 
7.36 ± 0.01 in the hyperoxic groups and 7.37 ± 0.01 in the hypoxic groups. In addition, PCO
2
 
was not significantly different between hyperoxia and hypoxia (4.8 ± 0.2 and 4.8 ± 0.1 kPa, 
respectively). No significant differences were found in PO
2
, PCO
2
, and pH among the hypoxic 
and hyperoxic groups. 
 Diaphragm muscle bundle dimensions did not significantly differ between experimental 
groups (P > 0.05 by one-way ANOVA). Average muscle strip weight was 32.8 ± 0.8 mg, and 
strip length at L
o
 was 18.44 ± 0.21 mm. 
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Figure 2   Rat diaphragm twitch tension (P
t
) after 60 min in experimental Krebs solution (see METHODS) 
expressed as percentage of initial value. A: hypoxic conditions (PO
2
 ~6.8 kPa). Pt tended to be lower 
in bundles incubated with N-acetylcysteine (NAC; P = 0.06; n = 9 bundles) and elevated with Tiron 
(P = 0.06; n = 7 bundles) compared with hypoxia alone (n = 8 bundles). B: under hyperoxic conditions 
(PO
2
 ~85 kPa), NAC antioxidant treatment (n = 9 bundles) or allopurinol (n = 11 bundles) did not affect 
P
t
 compared with hyperoxia alone (n = 10 bundles).
Isotonic studies
Baseline contractile properties
HYPOXIA. Baseline P
t
 and P
o
 were not significantly different between the experimental 
groups (P > 0.05) and averaged 9.3 ± 0.4 and 24.6 ± 0.5 N/cm2, respectively. Sixty minutes 
of hypoxia impaired P
t
 (Fig. 2A) and, to a lesser degree, P
o
 (Fig. 3A). NAC tended to decrease 
P
t
, whereas Tiron tended to increase P
t
 (P = 0.07 and P = 0.06, respectively, by one-way 
ANOVA; Fig. 2A). However, in muscle bundles incubated with either NAC or Tiron, P
o
 was 
significantly lower compared with that in the hypoxia control (Fig. 3A). Allopurinol (250 µM) 
did not significantly affect P
t
 or P
o
 compared with that in the hypoxia control (Figs. 2B and 3B). 
 HYPEROXIA. After 60 min, P
t
 and P
o
 as percentages of the initial values were 
significantly higher under hyperoxic compared with hypoxic conditions (P < 0.01; Figs. 2 and 3). 
Neither NAC nor allopurinol affected P
t
 or P
o
 under hyperoxic conditions (Figs. 2B and 3B).
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Figure 3  Diaphragm maximal tetanic tension (P
o
) after 60 min in experimental Krebs solution expressed 
as percentage of baseline value. Numbers of bundles are shown in Fig. 2. A: both NAC and Tiron decreased 
P
o
 during hypoxia. Allopurinol did not affect P
o
 under hypoxic conditions. * P < 0.05 compared with 
hypoxia. B: under hyperoxic conditions, neither NAC nor allopurinol significantly affected P
o
 compared 
with hyperoxia 
Isotonic contractile properties and fatigability
HYPOXIA. NAC and Tiron both significantly slowed the shortening velocity over a wide range 
of loads (Fig. 4A). The curvature of the force-velocity relationship is described by a/P
o
. Tiron 
altered the curvature of the force-velocity characteristics (a/P
o
 = 0.23 ± 0.03 in hypoxia control 
vs. 0.37 ± 0.08 in hypoxia plus Tiron; P < 0.05). Allopurinol did not affect the shortening velocity 
(Fig. 4A) or a/P
o
 (0.22 ± 0.3 and 0.21 ± 0.02 in hypoxia control and hypoxia plus allopurinol, 
respectively; P > 0.05). Both NAC and Tiron significantly depressed the power output over a wide 
range of loads (Fig. 5A) The maximal power outputs during hypoxia were 91 ± 8, 63 ± 2, and 
47 ± 5 N/cm2 × L
o
/s in control, NAC, and Tiron, respectively (P < 0.000). However, allopurinol 
did not affect the force-power characteristics under hypoxic conditions (maximal power output 
96 ± 6 N/cm2 × L
o
/s; P > 0.05 compared with hypoxia control; Fig. 5A).
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HYPEROXIA. Force-velocity characteristics were not significantly different between 
hyperoxia control and hypoxia control; neither was V
max
 (5.2 ± 0.5 and 5.0 ± 0.4 L
o
/s in 
hyperoxia control and hypoxia control, respectively; P > 0.05). The curvature of the force-velocity 
relationship was not significantly altered by hypoxia (0.18 ± 0.01 and 0.23 ± 0.03 in hyperoxia 
control and hypoxia control, respectively). Consequently, force-power characteristics were not 
significantly different between hyperoxia and hypoxia (maximal power output 113 ± 9 and 
91 ± 8 N/cm2 × L
o
/s in hyperoxia control and hypoxia control, respectively; P > 0.05). Neither 
NAC nor allopurinol significantly affected V
max
, force-velocity characteristics (Fig. 4B), force-
power characteristics, or maximal power output (Fig. 5B) under hyperoxic conditions.
Figure 4  Normalized force-velocity relationships in the diaphragm after 60 min of incubation in 
experimental Krebs solution under hypoxic (A) and hyperoxic (B) conditions. A: both NAC and Tiron 
significantly depressed the force-velocity relationship of the diaphragm during hypoxia. * P < 0.05 compared 
with hypoxia by repeated-measures ANOVA. Allopurinol did not affect velocity of shortening. B: normalized 
force-velocity characteristics were not significantly different between hypoxia control and hyperoxia control. 
Under hyperoxic conditions, experimental Krebs solutions did not affect shortening velocity. 
Isotonic fatigue
HYPOXIA. Repetitive isotonic contractions resulted in a rapid decline in power output 
of the rat diaphragm under hypoxic conditions (Fig. 6A). Tiron reduced the rate of decline 
in power output under hypoxic conditions (P < 0.05; Fig. 6A). NAC tended to decrease 
the fatigue rate (P = 0.07; Fig. 6A). Both NAC and Tiron significantly prolonged isotonic 
endurance compared with that in the hypoxia control (P < 0.000; Fig. 7A). Allopurinol 
did not significantly affect fatigability under hypoxic conditions (Figs. 6A and 7A). 
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Figure 5 Normalized force-power characteristics of the diaphragm after 60 min of incubation 
with experimental Krebs solution under hypoxic (A) and hyperoxic (B) conditions. A: both NAC 
and Tiron depressed power output over a wide range of applied loads under hypoxic conditions. * 
P < 0.05 compared with hypoxia control by repeated-measures ANOVA. Allopurinol did not affect 
power generation in the diaphragm during hypoxia. B: normalized force-power characteristics 
were not significantly different between hyperoxia control and hypoxia control. In addition, neither 
NAC nor allopurinol affected power generation of the diaphragm under hyperoxic conditions. 
Figure 6   Power production during repetitive isotonic contractions in the rat diaphragm under hypoxic 
(A) and hyperoxic (B) conditions. A: NAC and Tiron reduced fatigue rate of the diaphragm compared with 
hypoxia control (* P < 0.05 compared with hypoxia control by repeated-measures ANOVA). Allopurinol 
did not affect the fatigability of the diaphragm during hypoxia. B: fatigue rate was significantly higher in 
hypoxia control than in hyperoxia control (P < 0.05). Neither NAC nor allopurinol affected fatigability of 
the diaphragm under hyperoxic conditions.
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 HYPEROXIA. Power output of the diaphragm muscle declined significantly faster in 
hypoxia control compared with hyperoxia control (P < 0.000 by repeated-measures analysis). 
Isotonic endurance was 156 ± 15 and 59 ± 3 s in hyperoxia control and hypoxia control, 
respectively (P < 0.000; Fig. 7). Neither NAC nor allopurinol significantly affected the rate 
of decline of power output or isotonic endurance of the diaphragm muscle under hyperoxic 
conditions (Figs. 6B and 7B).
Figure 7   Mean isotonic fatigue endurance for experimental groups under hypoxic (A) and hyperoxic (B) 
conditions. Endurance time is defined as the time point at which the muscle was no longer able to shorten. A: 
both NAC and Tiron significantly increased endurance time during hypoxia (* P < 0.05 compared with hypoxia 
control). Allopurinol did not affect endurance time under hypoxic conditions. B: hypoxia reduced endurance 
time until ~50% of endurance time in hyperoxia (P < 0.05 compared with hyperoxia control). Endurance time 
was not significantly different between hypoxia control and hyperoxia plus NAC or hyperoxia plus allopurinol. 
 
Repetitive twitch studies
To ascertain that the antioxidants or allopurinol did not exert differential effects in time, 
the effects of NAC and allopurinol on P
t
 were studied under hypoxic conditions for a 90-
min period, a time window that corresponds with the total duration of the isotonic protocol 
(incubation time plus time needed for all contractile experiments). As shown in Fig. 8, the 
“direction of effect” did not change during this period. In accordance with the data shown 
above (Fig. 2), in NAC-treated muscle bundles (n = 8), P
t
 was significantly lower compared 
with hypoxia control (n = 9 bundles), but allopurinol (n = 9 bundles) did not affect P
t
. 
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Figure 8   In the repetitive twitch studies, 
diaphragm P
t
 was measured every 2 min for 90 min 
to study time-dependent effects of allopurinol 
or the free radical scavenger NAC. Repeated-
measures ANOVA revealed that the rate of decline 
in force was not different between hypoxia control 
and hypoxia plus allopurinol. However, the rate 
of decline in NAC-treated fibers was significantly 
faster. * P < 0.05 compared with hypoxia control. 
Effects of allopurinol on ATP degradation under hypoxic conditions
Allopurinol was present in the muscle bundles from the hypoxia plus allopurinol group, indicating 
adequate uptake from the Krebs solution (Table 1). In hypoxia control, strenuous contractile 
activity resulted in elevated levels of xanthine (P < 0.05). Both inosine and hypoxanthine were 
significantly increased and xanthine was decreased after contractile experiments in the hypoxia 
plus allopurinol group, which is in agreement with blocking the XO activity of the muscle (Table 
1).
 
Table 1  Allopurinol and adenine nucleotides in rat diaphragm muscle bundles 
     Hypoxia control      Hypoxia + allopurinol
           Rest            Fatigue             Rest             Fatigue
Allopurinol, µM        0.0 ± 0.0           0.0 ± 0.0         0.0 ± 0.0                   0.75 ± 0.01*
Inosine, µM      4.90 ± 0.76         5.56 ± 0.44       3.68 ± 0.44          6.76 ± 0.36*
Hypoxanthine, µM      1.62 ± 0.27         1.85 ± 0.11       1.65 ± 0.25          2.33 ± 0.10*
Xanthine, µM      0.34 ± 0.02         0.48 ± 0.05*       0.24 ± 0.04          0.04 ± 0.00*
Values are mean ± SE. Rest values were obtained from the rat diaphragm remaining after bundles were 
excised for contractile properties. Fatigue values were obtained from measurements in strips used after 
completion of the contractile experiments. * P < 0.05 compared with respective rest value.
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Discussion
The present study demonstrated that severe hypoxia impairs force generation of the rat 
diaphragm muscle but does not affect the velocity of shortening. The antioxidants NAC and Tiron 
impaired force generation, slowed the velocity of shortening, and reduced the fatigability of the 
diaphragm during hypoxia, indicating that free radicals play a role in cross-bridge recruitment 
and cross-bridge cycling kinetics under hypoxic conditions. Antioxidants had opposite effects 
in the unfatigued and fatigued muscles, indicating that the contraction pattern determines 
whether the effects of antioxidants during hypoxia are beneficial or harmful. The fact that 
allopurinol did not affect contractile function or fatigability of the diaphragm during hypoxia 
indicates that free radicals generated by XO are not directly involved in excitation-contraction 
coupling under hypoxic conditions. Under hyperoxic conditions, NAC and allopurinol did not 
affect isometric or isotonic contractility of the diaphragm, indicating that in our model, free 
radicals do not affect muscle performance during hyperoxia.
Allopurinol, NAC and Tiron
Allopurinol was used to block XO activity in the rat diaphragm. The major pharmacological 
actions of allopurinol are mediated by its major metabolite oxypurinol. Both are structural 
analogs of the purine bases hypoxanthine and xanthine and competitively bind to XO. Therefore, 
they inhibit the conversion of hypoxanthine to xanthine and of xanthine to uric acid and thus 
the generation of superoxide. Moorhouse et al. (23) reported that allopurinol in concentrations 
>250 µM may have direct hydroxyl-scavenging properties. Therefore, in the present study, the 
allopurinol concentration in the Krebs solution was 250 µM. This concentration was sufficient to 
block XO activity as indicated by the increase in hypoxanthine concentration and the reduction 
in xanthine concentration in allopurinol-treated bundles during hypoxia. 
NAC is an antioxidant drug commonly used in clinical practice. Two possible antioxidant 
mechanisms have been proposed for this thiol-containing agent. First, NAC may have direct free 
radical-scavenging properties. Free radicals may react with NAC, resulting in the formation of 
NAC disulfide (3, 22). Although this mechanism of action is of limited relevance in vivo due 
to the high first-pass effect of NAC (25), it might be important in in vitro studies. Second, NAC 
may also exert its antioxidant effects indirectly by facilitating the biosynthesis of GSH. The 
concentration of NAC in the present study was 18 mM and was similar to that in a previous 
study (21) with this agent in the rat diaphragm. To ensure that the effects of NAC on muscle 
contractility were the result of its antioxidant properties, similar experiments were conducted 
with Tiron, a chemically distinct free radical scavenger. Tiron is an intracellular superoxide 
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scavenger and metal chelator and has been shown to effectively scavenge free radicals in the 
contracting rat diaphragm (34).
Hypoxia and muscle function
Van der Heijden et al. (37) have discussed the severity of hypoxia as used in the present study 
in a recent paper. Briefly, a reduction in PO
2
 in the Krebs solution from ~85 to 7 kPa should
 be 
considered as severe hypoxia because oxygenation of diaphragm muscle bundles is dependent 
solely on diffusion of O
2
 into the core region of the bundles. Hypoxia impairs force generation 
and increases fatigability of the diaphragm in vitro (10, 31, 32, 37, 38). The present studies 
confirm these effects of hypoxia on isometric contractility. After 60 min, both P
t
 and P
o
 were 
significantly lower in hypoxia compared with hyperoxia, indicating that hypoxia impaired cross-
bridge recruitment or reduced force per cross bridge. This study also shows that hypoxia does not 
significantly affect the force-velocity relationship, indicating that hypoxia does not have major 
effects on cross-bridge cycling rate of the diaphragm. It has been previously shown (9, 17) that 
variation in maximum force has little effect on the normalized force-velocity relationship. This 
is not surprising because there is no a priori reason why force and velocity should be reduced 
to the same extent because the underlying cellular mechanisms are different. The effects of 
hypoxia on the velocity of shortening and power output in the rat diaphragm have not been 
previously investigated. However, a study on fatigued and hypoxic muscle (11) demonstrated 
that the changes in the intracellular milieu under these conditions are remarkably similar. It 
has been shown (39) that in intact muscle fibers in the early stages of fatigue, isometric force 
declines significantly, with little effect on the V
max
. This is in line with the results of the present 
study. It has been proposed that the changes in intracellular inorganic phosphate and Ca2+ 
concentration, which occur in the early stages of fatigue, affect isometric force generation but 
have little or no effect on shortening velocity (for a review, see Ref. 1). It has been shown (4) 
that the shortening velocity correlates with myosin ATPase activity. Apparently, ATPase activity 
was not reduced in the hypoxic diaphragm during nonfatiguing contractions. The curvature of 
the force-velocity relationship (derived from a/P
o
) was not altered by hypoxia, indicating that 
hypoxia did not affect the efficacy of contraction in the unfatigued muscle.
However, hypoxia had detrimental effects on the isotonic fatigue rate as indicated 
by a progressive decline in power output during the fatigue protocol (Fig. 6A). Power is the 
product of force and the shortening velocity. Because force was clamped at 33.3% of P
o
, force 
generation was constant during the entire fatigue protocol. The reduction in power is the result 
of a reduction in the shortening velocity. As previously mentioned, the shortening velocity is 
correlated with myosin ATPase activity (4); thus it is likely that ATPase activity decreased during 
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fatigue. Several studies suggested that an elevated concentration of ADP inhibits the rate of 
cross-bridge detachment and, consequently, V
max
 (for a review, see Ref. 1). The increase in inosine 
and xanthine in diaphragm muscle bundles after fatiguing contractions is consistent with such 
a hypothesis. Because hypoxia will slow ATP regeneration, ADP accumulation will occur sooner 
under hypoxic than hyperoxic conditions. Consequently, the fatigue rate will be higher during 
hypoxia, as shown in the present study. Although we did not measure ATP degradation products 
after fatiguing contractions under hyperoxic conditions, it is likely that the response will be 
similar as under hypoxia because both groups of bundles fatigued to the same level, i.e., inability 
of the muscle to shorten at 33.3% of P
o
.
 
Free radicals in skeletal muscle during hypoxia
Several studies have demonstrated that hypoxia enhances the generation of oxidants (8) and 
that these free radicals might act as second messengers in the adaptive response to hypoxia 
(6, 26). For instance, Park et al. (26) showed that in a perfused rat heart model, 10 min of 
hypoxia (PO
2
 ~0.4 kPa) resulted in a significant increase in markers for the generation of free 
radicals, such as lipid-peroxides, carbonyls, and oxidized glutathione. Generation of free radicals 
in cultured cardiac myocytes starts within several minutes after the initiation of hypoxia, and 
the rate of generation is more pronounced in severe hypoxia (8). No direct evidence exists for 
the elevated generation of free radials in the diaphragm during hypoxia.
In the present study, the effects of NAC and Tiron on contractility of the rat diaphragm 
were tested during hypoxia. Surprisingly, Tiron increased P
t
, whereas NAC tended to decrease P
t
 
(P < 0.05 and P < 0.07, respectively, by one-way ANOVA and SNK post hoc testing). We do not 
have a clear explanation for this discrepancy. However, both antioxidants significantly reduced 
P
o
, indicating a reduction in the number of available cross bridges or a reduction in force per 
cross bridge. The reduction in the shortening velocity induced by both NAC and Tiron indicates 
that oxidants play a role in cross-bridge cycling. In addition, the normalized force-velocity 
relationship in the Tiron-treated bundles was less curved (lower a/P
o
) compared with hypoxia 
alone, indicating that Tiron impaired the efficacy of contraction (40). Power is the product of 
force and velocity and is considered as a more physiological estimation of muscle performance in 
vivo than either force or velocity alone. Because both NAC and Tiron reduced power generation 
over a wide range of loads, it could be expected that antioxidants will impair the performance 
of the hypoxic unfatigued muscle in vivo. Based on a previous study showing that hypoxia 
enhances generation of oxidants (26), we hypothesized that this would contribute to impaired 
contractile performance of the diaphragm under hypoxic conditions. Our findings partly refute 
this hypothesis. NAC and Tiron impaired contractile performance of the unfatigued diaphragm. 
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It could be argued that the degree of hypoxia was not sufficient to enhance the generation of 
free radicals. However, as previously discussed (37), the degree of hypoxia should be considered 
as severe. Nevertheless, the amount of oxidants generated depends on the severity of hypoxia 
(8); thus further reducing PO
2
 might have changed the response of antioxidants on contractility 
in the present study. However, the clinical and physiological relevance of such experiments 
would be limited. The study by Mohanraj et al. (21) supports these speculations. In their study, 
both NAC (18 mM) and Tiron (10 mM) increased P
t
 and P
o
 in the hypoxic/anoxic rat diaphragm 
(PO
2
 <0.08 kPa). Because the concentrations of NAC and Tiron used were similar between their 
study and the present study and the differences cannot be explained by time-dependent effects 
of NAC (Fig. 8), it is likely that the difference in PO
2
 contributed to the differences in outcome. 
Indeed, in their study, hypoxia decreased the maximal force until it was ~25% of initial
 value 
(Table 1 in Ref. 21), whereas in the present study, P
o
 decreased until it was ~90% of baseline 
value. Another explanation for rejection of our hypothesis is that the relatively high concentration 
of the antioxidants shifted the redox balance from slightly oxidized to the reduced state, which 
will also compromise muscle performance. Reid et al. (29) proposed a model of force production 
as a function of the cellular redox balance. Both oxidant and reductant stresses will impair 
muscle performance. Such a model would fit well with the data in the present study. Adding 
free radical scavengers to the tissue bath placed the unfatigued muscle in a reduced state, 
which compromised muscle performance. This study is the first to demonstrate that antioxidants 
modulate isotonic fatigue in skeletal muscle. During isotonic fatiguing contractions, when the 
generation of free radicals is enhanced (19, 28), these antioxidants exerted beneficial effects on 
muscle performance as indicated by the reduced fatigue rate and increased endurance time. As 
mentioned above, the reduction in power is the result of a reduction in the shortening velocity. 
Therefore, these antioxidants modulate cross-bridge cycling.
Under hyperoxic conditions, NAC did not affect isometric or isotonic contractility of 
the diaphragm. These findings are in apparent contrast with previous studies (18, 33) showing 
that NAC attenuates diaphragm fatigability under hyperoxic conditions. However, in those 
studies, the effects of NAC on isometric fatigability were assessed. In contrast, in the present 
study, the effect of NAC on isotonic fatigability (force clamped at 33% of P
o
) was determined. 
Thus different physiological parameters were studied. As discussed above, these parameters 
(i.e., force and velocity) are not dependent; thus these previous studies and the present study 
are not necessarily conflicting and suggest that under hyperoxic conditions, free radicals affect 
cross-bridge recruitment or force per cross bridge but not cross-bridge cycling kinetics. 
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XO inhibition and skeletal muscle function
We hypothesized that XO is a prominent source for free radicals in the diaphragm under hypoxic 
conditions. Although xanthine concentration in the diaphragm bundle was significantly increased 
after strenuous contractions, blocking XO activity did not alter the contractile properties at rest 
or during fatiguing contractions. Thus our original hypothesis must be rejected. Allopurinol 
effectively blocked XO as indicated by the accumulation of hypoxanthine and a sharp decrease 
in the xanthine concentration in bundles incubated in allopurinol. Apparently, free radicals 
generated by XO do not affect contractility in the rat diaphragm. Our findings are in line with 
a recent study by Supinski et al. (35). Oxypurinol administration before inspiratory resistive 
breathing in rats failed to prolong task endurance and did not prevent lipid peroxidation in the 
diaphragm. This indicates that XO-dependent pathways do not affect diaphragm contractility 
in vivo. Chandel and Schumacker (6) recently proposed that the hypoxia-induced reduction in 
mitochondrial cytochrome oxidase activity results in an increase in the mitochondrial redox 
state, which, in turn, accelerates free radical formation during hypoxia. Whether free radicals 
generated via this pathway affect excitation-contraction coupling under hypoxic conditions 
remains to be investigated.
Clinical relevance
Respiratory muscle dysfunction frequently occurs in patients with severe COPD (27). Free 
radicals may be involved in the pathogenesis of respiratory muscle dysfunction in these patients 
(13). First, in patients with COPD, especially emphysema, the altered geometry of the thorax 
puts the diaphragm on a disadvantageous position of the length-tension curve (7), thereby 
increasing the load on the diaphragm. It has been shown that elevated loading enhances the 
generation of free radicals in skeletal muscle (19). Second, it has been shown that hypoxia 
enhances the generation of free radicals in muscle (26). Because hypoxia frequently occurs 
in severe COPD, investigating the role of free radicals in the contractile performance of the 
diaphragm is important. In addition, identifying the pathways for free radical generation is 
important to effectively inhibit the generation of free radicals from specific pathways. 
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Abstract
In the present study we used real-time confocal microscopy to examine the effects of two nitric 
oxide (NO) donors on acetylcholine (Ach; 10µM)- and caffeine (10 mM)-induced intracellular 
calcium concentration ([Ca2+]
i
) responses in C
2
C
12
 mouse skeletal myotubes. We hypothesized 
that NO reduces [Ca2+]
i
 in activated skeletal myotubes through oxidation of thiols associated 
with the sarcoplasmic reticulum Ca2+-release channel. Exposure to diethylamine NONOate 
(DEA-NO) reversibly increased resting [Ca2+]
i
 level and resulted in a dose-dependent reduction 
in the amplitude of ACh-induced [Ca2+] responses (25 ± 7% reduction with 10 µM DEA-NO 
and 78 ± 14% reduction with 100 µM DEA-NO). These effects of DEA-NO were partly reversible 
after subsequent exposure to dithiotreitol (10 mM). Preexposure to DEA-NO (1, 10, 50 µM) 
also reduced the amplitude of caffeine-induced [Ca2+]
i
 response. Similar data were obtained 
using the chemically distinct NO donor S-nitroso-N-acetylpenicillamine (100 µM). These results 
indicate that NO reduces sarcoplasmic reticulum Ca2+ release in skeletal myotubes, probably by 
modification of hyperreactive thiols present on the ryanodine receptor channel. 
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Introduction
Nitric oxide (NO) modulates in vitro contractility of skeletal muscle (12; 20; 23). For instance, 
exposing rat diaphragm muscle strips to the NO donor sodium nitroprusside reduces submaximal 
force generation (12). However, the specific mechanisms by wich NO modifies skeletal muscle 
contractility are not as yet known. Nitric oxide synthase (NOS) is the physiological source for NO, 
and NOS expression has been confirmed in rodent and human skeletal muscle fibers (12; 13; 22). 
Generation of NO by skeletal muscles is enhanced by contractile activity (4; 12). The inhibitory 
effects of NO on force production could result from interference of NO with intracellular Ca2+ 
([Ca2+]
i
) regulation. One potential target is the sarcoplasmic reticulum (SR). For instance, it 
has been shown that the NO donor S-nitroso-N-acetylpenicillamine (SNAP) reduces caffeine-
induced Ca2+ release in isolated skeletal muscle SR vesicles (18). However, in intact mouse 
skeletal muscle fibers, SNAP increased [Ca2+]
i
 during submaximal activation, without altering 
force generation (3). These studies (3; 18) are not necessarily conflicting because, in intact 
cells, [Ca2+]
i 
depends on other factors besides SR Ca2+ release, such reuptake and intracellular 
buffering of Ca2+, which could be differentially modified by NO.  
 In skeletal muscle, Ca2+ is released from the SR via ryanodine receptor (RyR) channels. 
Hyperreactive thiols present on the RyR channel (15) have been shown to be regulators of 
the open probability of this channel (18; 26; 28; 30). Previous studies in skeletal muscle SR 
vesicles indicated that NO increases the open probability of the RyR channel in the absence 
of a RyR agonist (26). However, other studies suggest that NO reduces RyR channel-mediated 
Ca2+ release in caffeine-activated vesicles (18). Few studies have been performed on the effects 
of NO on SR Ca2+ release in intact cells. In a recent study, it was shown that, in mouse single 
muscle fibers, NO increases [Ca2+]
i
 responses during submaximal activation (3). However, it 
was uncertain whether this was the result of increased RyR channel-mediated Ca2+ release, or 
impaired Ca2+ reuptake. 
 The purpose of the present study was to investigate the effects of NO on SR Ca2+ 
release in intact skeletal muscle cells. We measured [Ca2+]
i
 responses by using real-time confocal 
imaging in fluo-3 loaded C
2
C
12
 skeletal myotubes, which were activated by acetylcholine (Ach) 
and the RyR agonist caffeine. Myotubes were exposed to two different NO donors at varying 
concentrations. To test the possible involvement of sulfhydryl oxidation, myotubes were exposed 
to the reducing agent 1,4-dithiotreitol (DTT) after exposure to NO donors. We hypothesized that 
NO reduces [Ca2+]
i
 in activated skeletal myotubes through oxidation of thiols associated with 
the SR RyR Ca2+ release channel. 
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Materials and methods
Cell Culture
C
2
C
12
 myoblasts (American Type Culture Collection, Manassas, VA) were grown on 25 mm 
glass coverslips (37°C, 5% CO
2
) in Dulbecco’s modified Eagle’s Medium supplemented with 
10% fetal bovine serum (FBS; GIBCO, Grand Island, NY). The medium also contained 100 
U/ml penicillin, 100 µg/ml streptomycin, and 2.5 µg/ml amphotericin B. When cells reached 
confluence, FBS was substituted by 10% horse serum (GIBCO) to enhance differentiation into 
myotubes. Experiments were performed 4-6 days after serum replacement and within 10 days. 
Under our experimental conditions, spontaneous contractions were observed sporadically and 
were used as an index of myotube differentiation. All sets of experiments were performed on 
myotubes from at least two different passages.  
Intracellular Ca2+ imaging
Cytoplasmic free Ca2+ levels were determined by fluo 3 fluorescence. Plated myotubes were 
incubated in 5 µM fluo 3-AM (Molecular Probes, Eugene, OR) in Hanks’ balanced salt solution 
(HBSS) at room temperature for 45 min and subsequently washed with HBSS. The coverslip 
was placed in an open slide chamber (Warner Instruments, Hamden, CT) mounted on a Nikon 
Diaphot inverted microscope. The chamber was perfused with HBSS at 1-2 ml/min at room 
temperature.
 Details on the techniques for real-time confocal imaging of [Ca2+]
i
 have been previously 
described (24). Briefly, an OdysseyXL real-time confocal microscope (Noran instruments, 
Middleton, WI) with an Ar-Kr laser and mounted on a Nikon Diaphot inverted microscope was 
used to visualize fluo 3-AM (Molecular Probes)-loaded myotubes. The confocal system was 
controlled through a Silicon Graphics Indy workstation and manufacturer-supplied software. 
A Nikon 40x/1.3 oil immersion objective lens was used to visualize the myotubes. Image size 
was set at 640 x 480 pixels and the pixel area was calibrated using a standard micrometer 
(0.063 µm2/pixel). The 488-nm laser line was used to excite fluo 3 for calcium imaging, and 
emissions were collected using a 515 nm long-pass filter and high-sensitivity photomultiplier 
tube. On the basis of preliminary studies, laser intensity and photomultiplier gain were set to 
ensure that pixel intensities were within 25 and 255 gray levels (GLs). To minimize bleaching, 
laser exposure time was kept as short as possible. The Odyssey confocal system is capable of 
acquiring 480 frames/s. However, we found that an acquisition rate of 30 frames per second 
was sufficient for measuring amplitudes of [Ca2+]
i
 responses. Eight regions of interest (ROI) of 
5 x 5 pixels were defined prior to each experiment. The amplitude and rise time of each  [Ca2+]
i
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transient were measured (see Fig. 1 for definitions). Rise time was normalized for differences in 
amplitude.  
  
Selection of Myotubes
At confluence, the coverslip was typically dense with myotubes and undifferentiated cells. 
Only large, intact myotubes were used for [Ca2+]
i
 measurements. Usually it was possible to 
visualize two to three myotubes per image field. Usually two to four ROIs were defined within 
each myotube; however, [Ca2+]
i
 measurements from only one of these ROIs (typically  the ROI 
displaying the largest amplitude response) was used to represent each myotube during the 
remaining experimental protocol. In general, cells from one coverslip were used for only one 
experimental protocol. Occasionally, myotubes partially detached from the coverslip during the 
experiment. Data from these myotubes were omitted from subsequent analysis. 
Ca2+ regulation in myotubes
Effect of ACh on [Ca2+]
i
To determine the maximal concentration for ACh to stimulate myotubes, the dose-response 
relationship was evaluated. After measurement of [Ca2+]
i
 under resting conditions, myotubes 
were sequentially exposed to a range of ACh concentrations (10, 100, 1000 µM). To ensure 
optimal refilling of the internal Ca2+ stores, the tissue chamber was perfused with standard HBSS 
for 10 min between different ACh concentrations. From these experiments, it appeared that a 
maximal [Ca2+]
i
 response was acquired at 10 µM ACh. Therefore, in subsequent experiments, a 
10 µM ACh concentration was used. 
Effect of extracellular Ca2+ on ACh-induced [Ca2+]
i
 responses
ACh-induced [Ca2+]
i
 responses in C
2
C
12
 myotubes may partly result from Ca2+-influx (8). 
Furthermore, Ca2+ influx may also induce Ca2+-induced Ca2+ release. To determine the contribution 
of Ca2+ influx in our preparation, myotubes were successively exposed to ACh in standard HBSS 
and ‘zero-Ca2+ HBSS’. Before ACh exposure in zero-Ca2+ HBSS, extracellular Ca2+ was washed 
out for 60 s with zero-Ca2+ HBSS. Zero-Ca2+ HBSS had similar composition as standard HBSS, 
except that 2.0 mM CaCl
2
 was substituted with 2.0 mM ethylene glycol-bis(ß-aminoethyl ether) 
N,N,N’-tetraacetic acid (EGTA). In time controls, both ACh stimulations were conducted in the 
presence of extracellular Ca2+. 
 In accordance with previous studies (6), it appeared that the ACh-induced [Ca2+]
i
 
response was, in fact, partly due to Ca2+ influx (see results). Because the focus of the present 
study was to investigate the effects of NO on SR Ca2+ release, all subsequent experiments 
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evaluated ACh-induced [Ca2+]
i
 responses in the absence of extracellular Ca2+. However, to 
ensure optimal reloading of intracellular Ca2+ stores, myotubes were exposed to standard HBSS 
between all ACh stimulations. Before the exposure to ACh, the tissue chamber was perfused 
with zero-Ca2+ HBSS for 1 min to wash out extracellular Ca2+. 
Effects of ryanodine and Xestospongin D (XeD) on [Ca2+]
i
 responses
In C
2
C
12
 myotubes, ACh-induced SR Ca2+ release may be mediated via both ryanodine and 
1,4,5-trisphosphate (IP
3
) sensitive stores (7). To determine the relative contribution of each 
of these SR release channels, we evaluated ACh-induced [Ca2+]
i
 responses in the presence of 
high concentrations of ryanodine (100 µM) to specifically block the RyR channel and in the 
presence of the membrane permeant IP
3
 receptor (IP
3
R) channel blocker Xestospongin D (XeD, 
10 µM) (5). Stock solutions of XeD (Calbiochem) were kept frozen, and just before use, XeD 
was thawed and subsequently diluted to 10 µM with HBSS. This XeD concentration was chosen 
because it had been shown to effectively block IP
3
R, without exhibiting significant effects on 
RyR-mediated SR  Ca2+ release (5). 
 After measurement of the initial ACh-induced [Ca2+]
i
 response, myotubes were washed 
and then exposed to 100 µM ryanodine for 10 min, and subsequently reexposed to ACh. In 
a second set of experiments the effect of 10 µM XeD was determined in a similar protocol. In 
a third set of experiments, the effect of ryanodine on caffeine-induced [Ca2+]
i
 transients was 
studied. 
  
NO and Ca2+ Regulation in Myotubes
Effect of Diethylamine NONOate (DEA-NO) on ACh-induced [Ca2+]
i
 transients 
After measurement of ACh-induced [Ca2+]
i
 transients, myotubes were exposed to standard 
HBSS for 5 min, to ensure optimal reloading of internal Ca2+ stores. Subsequently, myotubes 
were exposed to one concentration of DEA-NO (10, 50 or 100 µM, Calbiochem) for 10 min. 
prior to second ACh stimulation. The intracellular stores were then reloaded and myotubes 
were exposed to the reductant DTT before a final ACh stimulation in the continued presence 
of DTT. 
Effect of DEA-NO on caffeine-induced [Ca2+]
i
 transients 
To determine whether the effects of DEA-NO on ACh-induced [Ca2+]
i
 responses were the result 
of modification of the RyR Ca2+ channel, experiments with DEA-NO were repeated using the 
RyR agonist caffeine (10 mM) instead of ACh. Because 50 and 100 µM DEA-NO had similar 
effects on ACh-induced [Ca2+]
i
 responses (see results), lower concentrations of DEA-NO (1, 10 
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and 50 µM) were used to study the effect of NO on caffeine-induced [Ca2+]
i
 release. A similar 
protocol was used for time controls except that DEA-NO was omitted from HBSS solutions. 
Effect of SNAP on caffeine-induced [Ca2+]
i
 transients
Theoretically, the effects of DEA-NO on [Ca2+]
i
 responses could be the result of a NO independent 
action of this donor. To rule out this possibility, the caffeine experiments were repeated using 
the chemically distinct NO donor SNAP (100 µM) instead of DEA-NO. 
Statistics
The effects of  NO donors on the amplitude of ACh and caffeine [Ca2+]
i 
responses were analyzed 
with SPSS/PC+, version 9.0. (SPSS Inc. Chicago, IL). Results are expressed as means ± SE. 
To compare independent groups (e.g. ACh-responses in time control and ryanodine-treated 
myotubes), the Mann Whitney’s rank sum test was used. For two related events (i.e. ACh-
response in XeD compared with subsequent exposure to ryanodine), the Wilcoxon’s test was 
used. Significance was set at P<0.05. The numbers of myotubes are given with the results for 
each experimental protocol. 
Results
General characteristics
Myotubes exposed to either ACh or caffeine in the absence of extracellular Ca2+ exhibited no 
diffuse elevation in [Ca2+]
i
 but rather focal areas of high responsiveness (Fig. 1). This heterogeneity 
has been recognized previously (6; 9) and is thought to be the result of a heterogeneous 
distribution of the SR (9). In addition, both baseline fluorescence and the absolute height of 
the amplitude (in gray levels) varied among myotubes because of differences in uptake of fluo 
3-AM. Therefore, effects of experimental procedures were determined by measuring relative 
changes in the amplitude of [Ca2+]
i
 transients (see METHODS).
Effect of extracellular Ca2+ on ACh-induced [Ca2+]i Responses
Omission of Ca2+ from the extracellular medium altered the shape and reduced the amplitude of 
ACh-induced [Ca2+]
i
 transient (Fig. 2). Exposing myotubes to ACh in the presence of extracellular 
Ca2+ resulted in a rapid and sustained elevation of [Ca2+]
i
. However, when extracellular Ca2+ 
was omitted, ACh induced a rapid monophasic response ( Fig. 2). The amplitude of this latter 
response was 62.5 ± 4.6% of the response in the presence of Ca2+ compared with 98.2 ± 9.8% 
in time controls (n = 10; P < 0.05 vs. time control). However, omission of extracellular Ca2+ did 
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not affect rise time and/or amplitude of the transient (66 ± 11 in the presence of extracellular 
Ca2+ vs. 99 ± 25% in the absence of extracellular Ca2+;P > 0.05). 
Figure 1   Schematic representation of 
acetylcholine (ACh)-induced intracellular 
calcium concentration ([Ca2+]
i
) transients in 
the absence of extracellular Ca2+ in a fluo 3-
loaded C
2
C
12
 skeletal myotube. The amplitude 
of the transients, expressed as gray levels 
(GL), was not uniform among the myotube. 
 
 
 
 
 
 
Figure 2   Effect of extracellular Ca2+ on ACh-induced 
[Ca2+]
i
 transients in skeletal myotubes. Note the reduction 
in amplitude and absence of sustained elevation when 
ACh was introduced in the absence of extracellular Ca2+ 
(bottom). HBSS, Hanks’ balanced salt solution.
Effects of Ryanodine and XeD on [Ca2+]i transients
Exposure to 100 µM ryanodine resulted in a significant reduction in the amplitude of ACh-
induced [Ca2+]
i
 transients (49.5% ± 15.2% of preexposure values vs. 98.2 ± 9.8% in time 
control; n = 11 and n = 13, respectively; P < 0.05). Caffeine-induced [Ca2+]
i
 responses were also 
severely reduced after exposure to 100 µM ryanodine (33.2 ± 11.2% of preexposure values vs. 
110.7 ± 7.2% in time control; n = 12 and n = 13, respectively; P < 0.05).
Preexposure to 10 µM XeD reduced the amplitude of ACh-induced [Ca2+]
i
 transients compared 
with time controls (42 ± 5 and 108 ± 9%, respectively; n = 5; P < 0.05). As expected, 
preexposure to XeD did not affect caffeine-induced [Ca2+]
i
 responses (92 ± 4% of preexposure 
value; n = 10).
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Effect of DEA-NO on Baseline [Ca2+]i
The effect of DEA-NO on baseline [Ca2+]
i
 was determined by measuring fluorescence just before 
activation of the myotube. The baseline [Ca2+]
i
 data for ACh and caffeine are grouped for 
corresponding concentrations of DEA-NO (10 and 50 µM). The effect of 100 µM DEA-NO was 
tested only in myotubes exposed to ACh. Baseline [Ca2+]
i
 was significantly higher after exposure 
to either 10 or 50 µM DEA-NO (Table 1; n = 15 per group). The effect of DEA-NO on baseline 
[Ca2+]
i
 was reversible after exposure to DTT. At 100 µM, DEA-NO elevation in baseline did not 
reach statistical significance (n = 9).
 
Table 1   Effect of DEA-NO on baseline fluorescence in skeletal myotubes
     DEA-NO   DTT 
 
     Time control     94 ± 2   94 ± 2 
     DEA-NO, 10 µM   106 ± 3*  91 ± 3 
     DEA-NO, 50 µM   106 ± 3*  87 ± 3 
     DEA-NO, 100 µM   102 ± 5   91 ± 7
Values are mean percentages of initial baseline fluorescence ± SE. DEA-NO, diethylamine NONOate; DTT, 
dithiothreitol. * Significantly different from time control (P < 0.05).
Effect of DEA-NO on amplitude of ACh-induced [Ca2+]i transients
Exposure to DEA-NO resulted in a reduction in the amplitude of [Ca2+]
i
 responses to ACh but did 
not affect the rise time of the responses (Table 2). A representative trace is shown in Fig. 3A. In 
myotubes exposed to 10-µM DEA-NO, amplitude of the transient (n = 11) was 75 ± 7% of time 
control (n = 13; Fig. 3B). Exposure to 50 or 100 µM DEA-NO further reduced the amplitude of 
the [Ca2+]
i
 response (n = 11 and n = 9, respectively). Subsequent exposure to DTT reversed the 
effects of 50 and 100 µM DEA-NO. However, DTT did not reverse the effects of 10 µM DEA-NO 
in all fibers.
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Figure 3   A: effect of diethylamine 
NONOate (DEA-NO) on ACh-induced 
[Ca2+]
i
 transients. Representative traces 
show that exposure to DEA-NO reduced 
the amplitude of ACh-induced [Ca2+]
i
 
transients. Subsequent exposure to 
dithiothreitol (DTT) partly reversed the 
effects of DEA-NO. B: relative changes of 
ACh-induced [Ca2+]
i
 responses as a result 
of exposure to either 10, 50, or 100 µM 
DEA-NO and subsequent exposure to DTT. 
Values are means ± SE. *Significantly 
different from time control (P < 0.05). 
Table 2   Effect of DEA-NO on rise time/amplitude in skeletal myotubes
   Preexposure      Exposure       Postexposure 
 
DEA-NO, 10 µM (ACh) 11.3 ± 1.8     18.9 ± 3.5        15.6 ± 4.4 
DEA-NO, 10 µM (Caf) 114 ± 23                    635 ± 21*           79 ± 48
Values are means ± SE (in ms/amplitude). Other concentrations for ACh-induced intracellular Ca2+ 
concentration transients are not shown because, in many myotubes, DEA-NO completely inhibited the 
transient so no rise time could be calculated. ACh, acetylcholine; Caf, caffeine. * Significantly different 
compared with preexposure (P < 0.05). 
Effect of DEA-NO on amplitude of caffeine-induced [Ca2+]i transients
Exposure to 1.0 µM DEA-NO did not affect the amplitude of the caffeine-induced [Ca2+]
i
 
responses (n = 4). However, the amplitude of caffeine-induced [Ca2+]
i
 responses was significantly 
reduced and the rise time significantly increased after exposure to either 10 or 50 µM DEA-NO 
(n = 9 and n = 6, respectively; P < 0.05). After exposure to DTT, amplitude of the transient was 
92 ± 20 and 88 ± 27% of baseline amplitude, respectively. In time controls, amplitude of the 
third [Ca2+]
i
 response was 123.8 ± 8.7% of initial response (n = 12; Fig. 4).
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Figure 4   Effect of DEA-NO on 
caffeine-induced [Ca2+]
i
 transients. 
Relative changes of [Ca2+]
i
 responses 
result from exposure to DEA-NO at 
different concentrations. Subsequent 
exposure to DTT partly reversed 
the effects of DEA-NO. Values are 
means ± SE. *Significantly different 
from respective time control (P < 0.05). 
Note the potentiation in  [Ca2+]
i
 in time 
controls.
Effect of SNAP on Caffeine-induced [Ca2+]i Transients
Exposure to 100 µM SNAP (n = 10) significantly reduced the amplitude of caffeine-induced 
[Ca2+]
i
 transients (64.2 ± 9.0% of initial amplitude; P < 0.05 compared with time control; 
n = 10 and n = 12, respectively). Subsequent exposure to DTT partly reversed the effects of 
SNAP (92.5 ± 12.0% of initial amplitude; P < 0.05 compared with time controls). 
Discussion
The present study demonstrates that DEA-NO decreases the amplitude of ACh-induced [Ca2+]
i
 
transients in mouse skeletal myotubes. The effects of DEA-NO were partly reversible after 
exposure to DTT, indicating that thiol modification contributes to these effects. The fact that 
both DEA-NO and the chemically distinct NO donor SNAP have similar effects on caffeine-
induced [Ca2+]
i
 transients suggests that the reduction in the height of amplitude of the [Ca2+]
i
 
transients results from thiol modification of the RyR Ca2+- release channel. 
Cultured Myotubes
C
2
C
12
 mouse skeletal myotubes were used to study the effects of NO on SR Ca2+ release. A 
potential issue with such a preparation is whether these findings are also applicable to 
mature skeletal muscles. C
2
C
12
 myotubes reach a considerable degree of differentiation as 
indicated by the expression of fast-twitch skeletal muscle troponin T, -actin, and tropomyosin 
(16). Permeabilized myotubes generate measurable force when perfused with Ca2+, and the 
concentration needed to generate 50% of maximal force was within the range of mature rat 
skeletal muscle fibers (16). In the present study, we purposely selected myotubes that were 
clearly differentiated as indicated by the presence of at least some sarcomere pattern.  
 Mechanisms of [Ca2+]
i
 handling in C
2
C
12
 myotubes have been investigated in detail by 
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other laboratories (6-10). Two striking differences in [Ca2+]
i
 regulation between mature skeletal 
muscle fibers and myotubes have been shown. First, elevation of [Ca2+]
i
 on stimulation with 
ACh is partly the result of Ca2+ influx through voltage-gated Ca2+ channels, whereas in mature 
skeletal muscle fibers, the contribution of Ca2+ influx during activation is considered to be of 
limited significance. Indeed, we found that omission of Ca2+ from the extracellular medium 
altered the shape and reduced the amplitude of ACh-induced [Ca2+]
i
 transients. To circumvent 
the contribution of Ca2+ influx, our studies were conducted in the absence of extracellular Ca2+. 
Second, it has been suggested that ACh-induced [Ca2+]
i
 transients partly result from release of 
Ca2+ from IP
3
-sensitive stores (6-8), whereas this pathway is considered to be of limited relevance 
in mature skeletal muscle (17). In our culture preparation, we found a significant contribution 
of IP
3
-sensitive stores in ACh-induced [Ca2+]
i
 transients. When myotubes were preexposed to 
XeD, which is a membrane-permeable noncompetitive IP
3
R blocker (5), amplitudes of transients 
elicited by ACh were attenuated by ~58%. On the
 other hand, ryanodine reduced the amplitude 
of ACh-induced [Ca2+]
i
 transients by ~50%. This indicates that IP3 and RyR Ca
2+ release channels 
have about equal contribution to ACh-induced elevation in [Ca2+]
i
 in skeletal myotubes. As 
expected, XeD did not affect caffeine-induced Ca2+ transients. To omit contribution of Ca2+ 
release via IP
3
R, additional experiments were performed with the RyR agonist caffeine.
Fluorescence Signals 
Changes in [Ca2+]
i
 were monitored by using fluo 3, which is a nonratiometric dye. To obtain 
an estimate of the actual [Ca2+]
i
, a calibration procedure should be performed that requires 
permeabilization of the cells. However, because the myotubes in our preparation were 
quite delicate, such procedures were impractical, a problem that has been recognized by 
other groups by using C
2
C
12
 myotubes as well (6; 10). Nevertheless, relative changes in the 
amplitude of fluorescence signals because of experimental procedures (e.g., DEA-NO) provide 
(semiquantitative) information on the effects of such procedures on [Ca2+]
i
 handling. The lack 
of significant differences in [Ca2+]
i
 responses of time controls indicates that the results with 
DEA-NO cannot be explained by loss of cell viability.
NO donors
Because NO in its pure form is highly reactive and has limited solubility in aqueous buffers, it 
is difficult to predictably deliver it into biological systems without decomposition. Therefore, NO 
donors are frequently used to study the (patho)physiological effects of NO on tissue function. 
However, a perennial question with the use of NO donors is the validity of equating the donor to 
the production of NO. Numerous chemically distinct NO donors are commercially available. We 
73
Nitric oxide affects sarcoplasmic calcium release in skeletal myotubes
chose DEA-NO, which belongs to the group of NO-nucleophile adducts. This type of donor, with 
the general structure [XN(O)NO] , spontaneously releases NO (19). The rate of release is only 
dependent on pH, temperature, and the structure of the nucleophilic residue (19). It is easy to 
control the initiation of the release of NO from DEA-NO by adjusting pH and temperature of the 
stock solution. To verify that the observed effects were mediated via NO, part of the experiments 
were repeated using the chemically distinct NO donor SNAP. In addition, previous studies have 
shown that parent compounds for DEA-NO (up to 300 µM) and breakdown products do not 
affect force generation in smooth muscle  (11). 
Mechanisms of NO action
It has been shown that thiol groups present on the RyR Ca2+ release channel play a role in the 
regulation of its open probability (1). NO can react with thiol groups via either S-nitrosylation or 
by influencing disulphide formation (25). Therefore, the RyR Ca2+ release channel is a possible 
target for NO. The present study supports the hypothesis that NO may modulate SR Ca2+ release 
by modulating thiol groups in intact cells. DEA-NO had dose-dependent effects on ACh-induced 
[Ca2+]
i
 responses, and these effects were partly reversible after exposure to the reducing agent 
DTT. Although ACh in vivo initiates the excitation-contraction coupling cascade, these data 
do not indisputably indicate that the RyR Ca2+-release channel was the primary target for NO 
because other proteins involved in excitation-contraction coupling contain thiol groups as well. 
Therefore, experiments were repeated using the RyR agonist caffeine. Data from these latter 
experiments showed that two distinct NO donors reversibly decreased the amplitude of [Ca2+]
i
 
transients. This indicates that the effects of NO on [Ca2+]
i
 transients are mediated by modification 
of thiols on the SR RyR Ca2+ release channel. Data from the present study are in line with 
observations from previous studies that used isolated SR vesicles. Exposing SR vesicles to SNAP 
has been found to reduce the rate of caffeine-induced Ca2+ release (18). In addition, the open 
probability of the RyR Ca2+ release channel in lipid bilayers is reduced after exposure to 100 µM 
SNAP (18), which is a similar concentration to that used in the present study. Decreased open 
probability of the channel after exposure to NO may be the result of the inhibitory effect of NO 
on intersubunit cross-linking of thiol groups on the RyR channel, thereby preventing oxidant-
induced activation of the channel (2). In contrast, at high concentration, SNAP increases RyR 
Ca2+ release channel open probability (2; 26), indicating differential concentration-dependent 
effects of NO. 
Reduced [Ca2+]
i
 transients after preexposure to NO donors may also result from 
increased SR Ca2+ ATPase activity. Although we could not definitely exclude this possibility, it is 
an unlikely explanation. Studies using SR vesicles indicated that NO donors did not affect (18), 
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or even inhibit Ca2+ reuptake (26). Furthermore, in intact skeletal muscle fibers, Ca2+ uptake was 
decreased because of treatment with NO donors (3). In the present study, we studied the effects 
of NO donors only on the amplitude of [Ca2+]
i
 transients. Maximal amplitude is reached quickly 
after the initiation of the transient (Fig. 1) and is, therefore, primarily dependent on the rate of 
SR Ca2+ release. In contrast, the height of the plateau after maximal amplitude is determined 
by the equilibrium between Ca2+ release and reuptake in the SR and efflux from the myoplasm. 
Together, it is unlikely that the effects of NO donors on the amplitude of [Ca2+]
i
 transients arise 
from an increase in SR Ca2+ ATPase activity. 
Baseline [Ca2+]
i
 levels were elevated after exposure to DEA-NO. This is in line with 
studies on intact mouse single fibers (3) and may be the result of inhibition of Ca2+ ATPase 
activity (3; 26) or increased Ca2+ leak from the SR (26). It is tempting to speculate whether a 
direct relation exists between NO donor-induced elevation in baseline [Ca2+]
i
 and the reduction in 
the amplitude of ACh- and caffeine-induced [Ca2+]
i
 transients. In theory, increased Ca2+ leakage 
through RyR Ca2+ release channels may partly deplete the SR, which, in turn, might reduce 
the amplitude of ACh- and caffeine-induced Ca2+ concentration transients. The relationship 
between luminal SR Ca2+ and RyR Ca2+ release channel function has been the subject of several 
recent studies. For instance, it has been shown that an inverse correlation exists between SR 
luminal Ca2+ concentration and open probability of the RyR Ca2+ release channel (27). However, 
in skinned skeletal muscle fibers, the apparent rate constant of caffeine-induced SR Ca2+ efflux 
did not significantly change when the SR loading level was decreased to one-third of maximal 
loading (14). Although studying the effects of NO donors on SR luminal Ca2+ was beyond the 
scope of the present study, we do not believe that depletion of SR luminal Ca2+ explains the 
NO donors mediated reduction in ACh and caffeine-induced [Ca2+]
i
 amplitudes. First, between 
subsequent stimulations, myotubes were incubated in HBSS containing 2.0 mM Ca2+ for 10 min 
to refill SR. Second, studies on single RyR Ca2+ release channels support a direct role for NO 
donors in decreasing the open probability of these channels (18). 
 Our data are in apparent conflict with a recent report by Andrade et al (3), which 
found that exposing intact mouse skeletal muscle fibers to NO donors increases [Ca2+]
i
 during 
submaximal electrical stimulation. However, differences in experimental setup between the 
latter and the present study may partly explain these discrepancies. First, in their study, [Ca2+]
i
 
responses were studied during submaximal activation, whereas we investigated the effects of 
NO on maximal [Ca2+]
i
 activation. Previous studies using an in situ skeletal muscle preparation 
indicated that the effects of NO depend on contraction pattern and frequency of stimulation 
(21). SNAP did not affect twitch force at 0.5 Hz but decreased twitch force at 1.5 and 4.0 Hz. 
Also, SNAP decreased tetanic force at 40 Hz but did not affect tetanic force at 12 Hz (21). 
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Likewise, NO differently affects SR Ca2+ release in nonactivated and activated SR vesicles. In 
the former, NO donors increased Ca2+ release (26), whereas, in vesicles exposed to caffeine, NO 
donors decreased Ca2+ release (18). It is unknown how the degree of stimulation determines 
the effect of NO on force generation and Ca2+ release. Second, we determined the effect of NO 
donors on the amplitude of [Ca2+]
i
 response, whereas Andrade et al. measured [Ca2+]
i
 when a 
clear plateau was reached. As mentioned earlier, maximal amplitude and plateau of a [Ca2+]
i
 
response partly depend on different processes in Ca2+ handling. Indeed, Andrade et al. found that 
Ca2+ ATPase activity was decreased by S-nitroso-N-acetyl-cysteine, which could, at least partly, 
explain the observed elevation in [Ca2+]
i
 during submaximal activation in their study. Together, 
the picture emerges that NO has complex effects on [Ca2+]
i
 handling, acting on different steps 
in the excitation-contraction coupling cascade, and effects depend on concentration of NO and 
the extent of skeletal muscle activation.   
Conclusion
In conclusion, Westerblad et al (29) showed that [Ca2+]
i
 in mouse skeletal muscle fibers was 
reduced during low-frequency fatigue, which was probably the result of impaired SR Ca2+ 
release. It has been shown that repetitive electrical stimulation of skeletal muscle at either 25  
(12) or 100 Hz (4), enhances generation of NO. Our data indicate that NO impairs SR Ca2+ 
release. Thus it could be speculated that reduced SR Ca2+ release during low-frequency fatigue 
(partly) results from elevated generation of NO. However, further studies are needed to prove 
such a mechanism.
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Abstract
In emphysematous hamsters the diaphragm is continuously exposed to an increased workload. 
Previous lightmicroscopical observations showed only minor changes in relatively young em-
physematous hamsters. However, ageing affects the regenerating capacity of muscles. We 
hypothesised that the diaphragm of aged emphysematous hamsters shows an increase of 
ultrastructural alterations in comparison to age-matched normal hamsters. This could contribute 
to a reduced force-generating capacity, which occurs in emphysematous hamsters. After 
intratracheally instillation of elastase or saline the animals were sacrificed at the age of 15-16 
months for in vitro measurements of isometric contractile properties of the diaphragm. The 
hamsters were perfused in situ with glutaraldehyde for electronmicroscopical investigations. 
In emphysematous hamsters, twitch and tetanic forces were reduced by ~28% and ~14%, 
respectively (P<0.001). Compared to control hamsters the diaphragm showed distinct 
muscle fibre damage (Z-line dislocation, disarray of myofibrils, misaligned sarcomeres, focal 
degeneration, focal necrosis and segmental necrosis) and more signs of sub-optimal regeneration 
(fibre splitting and forking) and abortive regeneration. In conclusion, the diaphragm of aged 
emphysematous hamsters exhibits increased ultrastructural abnormalities, which are likely to 
contribute to a reduced force generating capacity.
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Introduction
Skeletal muscle dysfunction in patients with chronic obstructive pulmonary disease (COPD) 
involves both peripheral and respiratory muscles. Alterations in muscle structure, metabolism 
and function have been described (1; 10). Dysfunction of these muscles negatively influences 
patient’s functional status and exercise tolerance (4; 18), health care utilisation (11), and 
possibly survival (10). Elastase-induced emphysema in hamsters is frequently used as an animal 
model to study morphological and functional changes in the diaphragm due to COPD (29; 
36). In vitro diaphragm muscle force-generation of elastase-induced emphysematous hamsters 
has been reported to be similar to saline treated animals (15; 36). In other studies, however, 
a downward shift was observed in absolute force-frequency relationships (19; 22; 23; 27) and 
force-velocity relationships compared to control animals (21). The discrepancy in results might in 
part be explained by the age of the animals since the susceptibility to muscle injury is assumed 
to increase with age (9; 16; 39). Secondly, it has been reported that the regenerating capacity 
of skeletal muscles is impaired in aged animals (7; 8; 17; 35). In addition, due to the increased 
resistive load on the emphysematous diaphragm one would expect morphological changes as 
have been observed after chronic resistive loading in normal hamster diaphragm (20; 31; 33; 
40). These alterations include a greater variation in fibre size, necrotic muscle fibres, sarcomeric 
disruption and Z-line streaming. Indeed, van Balkom et al. reported alterations in the fibre size 
of diaphragm muscle in 2 years old emphysematous hamsters and suggested muscle changes 
at the ultrastructural level (37). However, no ultrastructural injury was reported in 33 weeks-old 
hamsters that were instilled with elastase at the age of 7-9 weeks (29). We hypothesised that 
the aged emphysematous hamster diaphragm, which is chronically overloaded, shows increased 
ultrastructural abnormalities due to muscle fibre damage and an impaired or sub-optimal 
regenerating capacity in comparison to age-matched ‘healthy’ control hamsters. Therefore, 
an ultrastructural study of the diaphragm in aged emphysematous hamsters (instilled at the 
age of 40 weeks) and age-matched normal hamsters was performed. To confirm changes in 
contractile properties in these hamsters, diaphragm twitch and maximal tetanic tensions were 
also measured in both groups.
Methods
Animals, induction of emphysema and study design
Male Syrian hamsters (n=36) were used for the experiments. The animals were housed under 
a 12:12 light-dark cycle in a specific-pathogen-free area (SPF unit) according to the FELASA 
82
Chapter 5
recommendations (30). Animals were fed ad libitum. The studies were approved by the local 
Animal Ethical Committee. At the age of 40 weeks the hamsters were anaesthetised with a 
mixture of halothane and N
2
O, vaporised in air. A polyethylene cannula was inserted into the 
trachea with the tip located above the carina. The animals were intratracheally instilled with 
either porcine pancreas elastase (24 U/100 g body weight (EPC, Owensville, MI) in 0.50 ml 
0.9% NaCl/100 g body weight) (n=18) or an equal volume of 0.9% saline (n=18), as described 
in detail previously (19; 23; 36; 38). To improve the distribution to the peripheral parts of the 
lung, 3 ml of room air was injected through the tube. The hamsters were monitored carefully 
until spontaneous breathing was restored. Six months after instillation the hamsters (age 
15-16months) were sacrificed in order to measure contractile properties of the diaphragm in 
vitro (control, n=7; emphysema, n=7). Twelve animals were sacrificed to dissect the diaphragm 
for ultrastructural studies (control, n=6; emphysema, n=6), and in ten animals the degree of 
emphysema was verified (control, n=5; emphysema, n=5). 
Measurement of contractile properties
The animals were randomly allocated to the experimental groups for measuring contractile 
properties. All experiments were performed according previously described methods (19; 38). 
Briefly, the hamsters were anaesthetised with pentobarbital sodium (Nembutal, 70mg/kg i.p.) 
and mechanically ventilated with 100% O
2
 (flow of 0.5 ml/g bodyweight/min; respiration 
frequency 70 breaths/min). The diaphragm and adherent ribs were quickly excised and 
immediately submerged in cooled oxygenated Krebs solution at pH 7.40. Muscle strips (2.5 
mm wide) were dissected from the midcostal region with the insertions at the costal margin and 
central tendon left intact. The muscle bundle was mounted vertically and suspended in a tissue 
bath containing Krebs solution, perfused with a 95% O
2
-5% CO
2
 mixture and maintained 
at 26°C. The ends of the muscle bundle were attached to both the micromanipulator and 
to the lever arm of a dual-mode length-force servo-control system (Cambridge Technologies, 
Cambridge, USA), respectively. The system was controlled by the software program Poly 5.0 
(Inspector Research Systems Inc, Amsterdam, The Netherlands). In the isometric mode, force 
outputs were digitised using a data-acquisition board (DASH1602, Keithley, Taunton, USA) at 
a sampling frequency of 2.0 kHz (25). The muscle was stimulated directly by platinum plate 
electrodes, with rectangular current pulses (0.5 ms) generated by a stimulator (Instrumental 
and Electronics Dept., University Medical Centre Nijmegen, The Netherlands). Muscle preload 
force was adjusted to achieve optimal fibre length (L
o
) for maximal twitch force (P
t
). After 15 
min of thermo-equilibration both P
t
 and maximal tetanic force (P
o
) were determined with a 2 
min. in-terval between subsequent stimulations. 
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Verification of emphysema 
The presence and severity of emphysema was evaluated in normal (n=5) and emphysematous 
(n=5) hamsters. After anaesthesia the lungs were excised and inflated with 4 % formalin (pH 
7.4) to a pressure of 25 cm H
2
O for 2 hours and subsequently post fixation lung volume was 
determined by fluid displacement. The lungs were fixed without external pressure in formalin 
4% for at least 5 days. Subsequently, the left lung was embedded in paraffin and sagittal 
sections (6 µm thickness) were cut and stained with hematoxylin and eosin. To determine the 
extent of emphysematous changes in the lung, alveolar CSA was measured of at least 100 
alveoli using a Sprynt-based, PC-Image digital analysis system (Bos Inc.) (38).
 
Electronmicroscopy 
In another set of experiments the diaphragm was fixed and prepared for light- and 
electronmicroscopical examination. The hamsters (controls, n=6 and emphysematous hamsters, 
n=6) were deeply anaesthetised with pentobarbital (6 mg/100 gram body weight). A 
laparotomy was performed and the abdominal aorta was exposed. An infusion needle was 
inserted within the aorta in the upstream direction, the caval vein was cut and the abdomen 
was closed again. The hamsters were perfused with 100 ml 0.9% saline followed by 400 ml 
of a 2% glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.3, 25 cm H
2
O). After perfusion, 
the diaphragm was removed, part of the right costal region cut in small slices and immersed 
overnight in the same fixation fluid. Following rinsing in the same buffer, the tissues were 
osmicated for one hour in 1% osmium tetroxide in 0.1 M PB, rinsed in PB, dehydrated through 
graded series of ethanols and embedded in Epon 812. 
 One-micron thick sections were collected, toluidine blue-stained and screened 
lightmicroscopically. Examination of these semithin sections was carried out by two well- 
experienced independent observers. Twenty five muscle fibres in each section (five sections per 
animal) were investigated. Subsequently, the semithin sections were photographed with a Dialux 
20 Leitz (Digital camera Coolpix 990, Nikon). The observed abnormalities appeared to be in 
concordance for both investigators. Based on the abnormalities found at the lightmicroscopical 
level, ultrathin sections for electronmicroscopy were cut, double contrasted with uranyl-acetate/
lead-citrate and photographed in a transmission electronmicroscope (JEOL 1010). 
Measurement of blood oxygen tension in vivo 
Arterial blood samples were taken directly after placing the infusion needle in the abdominal 
aorta in order to determine pH, pO
2
 and pCO
2
 during both control and emphysema conditions 
(Ciba Corning 238 pH/ Bloodgas Analyzer, Halstead, UK). 
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Data treatment and statistics 
Cross-sectional area of the muscle bundle was calculated by dividing diaphragm bundle weight 
(in g) by length (cm) times specific density (1.056 g/cm3). Force was expressed per cross-
sectional area (in N/cm2). All data are presented as means ± SE. Differences in con-tractile 
parameters between the treatment groups were analysed using a Student’s t-test. Statistical 
analysis was performed using the SPSS package, v 10.0 (Chicago, IL). Comparisons were 
considered significant at the P<0.05 level.
Results 
Body weight 
Body weight was similar in both normal and emphysematous hamsters at the time of instillation 
of either saline or elastase (control: 149±3 g, emphysema: 150±3 g) and at the time of 
morphological and functional studies (control: 150±3 g, emphysema: 150±3 g). 
Degree of emphysema and arterial blood gas values 
The post-fixation lung volume, determined by fluid displacement, increased from 7.8±0.4 ml 
in normal hamsters to 11.6±0.7 ml in emphysematous hamsters (P<0.05). The alveolar CSA 
was increased (5147±335 µm2 in emphysematous hamsters vs. 2698±91 µm2 in normal 
hamsters, P<0.05). Arterial blood samples taken directly after laparotomy showed a similar pH 
(emphysema vs. control: pH 7.24±0.02 vs. 7.25±0.02, P>0.05), a lower pO
2
 in emphysematous 
hamsters (9.3±0.3 kPa vs. 10.2±0.6 kPa, P<0.05) and hypercapnia in emphysematous hamsters 
(pCO
2
 9.8±0.8 vs. 6.8±1.0 kPa, P<0.05). 
Contractile properties 
Emphysema significantly reduced P
t
 and P
o
 compared to the control group (P
t
: 6.5±0.2 vs. 
9.0±0.2 N/cm2, P<0.001; P
o
: 22.4±0.9 vs. 26.7±0.7 N/cm2, P<0.001). 
Lightmicroscopy 
Control group 
In the control group the muscle fibres of the diaphragm exhibited no or occasionally minor 
alterations in the semithin sections. The empty, widened blood vessels resulted from the 
perfusion fixation. Within the perimysium large blood vessels and capillaries were localised in 
between the connective tissue together with a few axons and several lipocytes. The endomysium 
was characterised by numerous capillaries in close contact with the muscle cells. Few fibres 
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exhibited elongated central nuclei, sometimes characterised by chain formation. A few splitting 
fibres were present. No necrotic fibres were observed. Small dark-stained muscle fibres with 
accumulations of mitochondria close to the cell membrane alternated with thicker light-stained 
fibres. In several fibres central mitochondrial accumulations branched parallelly along the 
myofibrils (i.e. streaking). Several fibres also showed longitudinal rows of lipofuscin deposits as 
well as small light-stained vacuoles. Incidentally some thin atrophic fibres were present (Fig. 
1A). 
Emphysematous group 
In the diaphragm of emphysematous hamsters there were more severe structural alterations 
compared to the control group. In general ± 20% of the fibres (i.e. 4-6 fibres from ± 25 fibres) 
appeared to be abnormal in the semithin sections. 
 Increased Z-line streaming and disarray of myofibrils (smudging of striation) were 
present. In contrast to the control group, more fibres exhibited rows of central large nuclei with 
prominent nucleoli. There were more split and forked fibres (Fig. 1B). In several fibres focal 
degeneration occurred and even distinctly aberrant fibres were observed with sarcoplasmic 
inclusions and rods formation. Focal necrosis, resulting in indented and split fibres, was observed 
in a variety of myofibres. In cross-sections several segmental necrotic fibres were found (Fig. 
1C). Myophagia, i.e. the invasion of a myofibre by mononucleated cells, was only observed in 
the emphysematous group (Fig. 1D). There were more signs of streaking, but no differences 
were found in the presence of vacuoles. Lipofuscin granules were increased and there were 
more atrophic fibres. 
Electronmicroscopy (Table 1)
Control group 
In the control group the diaphragm sections showed no or only minor electronmicroscopical 
alterations (Fig. 2A). Incidentally, central nuclei as well as fibre splitting were found. Nuclei 
were small and slender with a quiescent aspect. Satellite cells were found only sporadically. 
Atrophic fibres were observed only incidentally. 
Emphysematous group 
Subtle as well as pronounced alterations were consistently found in emphysematous hamsters 
compared to control animals. These alterations included Z-line dislocation and dissolution as 
well as Z-line streaming (Fig. 2B). Furthermore, disarray of myofibrils and misaligned sarcomeres 
(register-shifting) were more common in emphysema.
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Figure 1 Lightmicroscopical figures. 
A. Control group: single-fibre atrophy (arrows) with loss of striation in between normal appearing myofibres. 
* indicates thin dark fibre (more mitochondria). ** indicates thick light fibre. B. Emphysema group: at the 
left forking (asterisk) of fibre due to splitting; arrow points to atrophic fibre and arrowhead to fibre with 
central nuclei. C. Emphysema group: several cross-sectioned fibres showing different stages of necroses 
(asterisks); arrow points to the peritoneal side of the diaphragm. D. Emphysema group: abrupt ending of 
intact fibre (asterisk); between arrow and asterisk the remaining ghost of an extension of the same fibre 
invaded by mononuclear cells and macrophages indicating myophagia (compare EM Fig 3C); arrowhead: 
split fibre. Bar = 50 µm. 
 Apart from this, numerous satellite cells as well as regenerated fibres with 
centronucleation were found (Fig. 2C). Fibre splitting and forking were found frequently (Fig. 
2D). Even ring fibres (peripheral rim of circular myofibrils surrounding longitudinal fibres) were 
observed. 
 Remarkably, abortive regeneration was only observed in the emphysematous group, as 
demonstrated by partially normal developing myofibrils in the periphery of the fibre (Fig. 3A). 
Central degeneration with Z-line abnormalities and formation of rods in aberrant myofibrils 
were present. 
 Additionally, different stages of myonecrosis were observed in the emphysematous 
group. The area of degeneration was filled up with a few organelles and glycogen in between 
disintegrated myofilaments (sarcoplasmic mass) (Fig. 3B). Signs of focal necrosis (fibres with 
serrated borders) were found without macrophages in their vicinity. Segmental necrotic fibres 
were found in several sections, as well as local signs of myophagia. 
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Table 1 Semiquantitative representation of the electronmicroscopical observations. 
Observed parameter    Emphysematous hamster  Normal hamster 
Disorganised contractile apparatus*   +++   +/- 
Satellite cells     +++   +/- 
Central nuclei     +++   + 
Splitting and forking     +++   + 
Abortive regeneration    +    - 
Sarcoplasmic masses     +   - 
Focal degeneration     +++   +/- 
Necrotic fibres      ++   - 
Lipofuscin     +++   ++ 
Extrusion vacuoles     +++   - 
Atrophic fibres      ++   +/- 
Replication basal lamina    +++   +/-
- = not detected, +/- = incidentally, + = few, ++ = several, +++ = numerous 
* = Z-line dislocation and dissolution, Z-line streaming, disarray of myofibrils and register-shifting
Figure 2
Electronmicroscopical 
figures. 
A. Control group: 
generally well aligned 
sarcomeres with inbetween 
mitochondria and small 
areas of dense glycogen 
granules. Bar = 5 µm. B. 
Emphysema group: at 
asterisks two areas of Z-
line streaming, generally 
there is a reduced density 
of mitochondria in this 
abnormal fibre region. 
At arrowheads a few 
remaining mitochondria. 
Bar = 5 µm. C. Emphysema 
group: about ten nuclei 
with distinct nucleolisation 
located midcentrally 
within a regenerated 
fibre with electron-lucent fat globules. At arrows subsarcolemmal accumulations of mitochondria, empty 
capillaries (asterisks) and a small venule filled with erythrocytes and its capillary branch (arrowhead). Bar 
= 20 µm. D. Emphysema group: longitudinal splitting of a fibre, at arrowhead an abnormal long papillary 
projection of the fibre surface membrane. At asterisk the invaginating plasma membranes and basal 
laminae accompanied with collagen fibrils. Bar = 5 µm.
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After the disappearance of all myofibrillar and sarcotubular components the basal lamina 
appeared to be still persistent. The remaining space between these laminae was stuffed by 
invading macrophages (Fig. 3C). However, no general influx of inflammatory cells was observed 
within the interstitial space. 
 No obvious differences were observed in the mitochondrial population, with exception 
of an increased variation in mitochondrial size. There were more and larger lipofuscin granules 
in the emphysema group as already indicated in the semithin sections. There were no differences 
with regard to lipid droplets. In addition, many extrusions of vacuolar structures (extrusion 
vacuoles) were present, eventually resulting in sequestrations within the extracellular spaces 
and accompanied by folding of the sarcolemma (Fig. 3D). Atrophic fibres were increased and 
isolated replications of the basal laminae were often found.
Figure 3  A. Emphysema group: detail of an abortive regeneration of a fibre showing at the left degenerated 
filamentous structures, at the right several rods as well as newly produced myofibrils with irregular formed 
Z-lines. Bar = 5 µm. B. Emphysema group: focal degeneration with disintegrated myofibrils, loss of Z-lines 
and very few organelles with glycogen granules represents a sarcoplasmic mass in a myofibre. Bar = 5 µm. 
C. Emphysema group: in end stage of necrosis persistence of basal lamina (arrow), invaded macrophages 
(asterisks) are distinctly present. Bar = 10 µm; small frame Bar = 5 µm. D. Emphysema group: a long 
papillary projection, extrusion of vacuolar remnant (asterisks), the excluded content still remains within 
the enclosing basal lamina. Bar = 2 µm.
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Discussion
This study shows that the aged emphysematous hamster diaphragm exhibits multiple 
morphological alterations in comparison to age-matched control hamsters. Light-microscopically, 
the emphysematous diaphragm showed more signs of damage and regeneration compared to 
the control diaphragm. The ultrastructural observations supported in a more detailed manner 
the former observations. The pathological changes may in part contribute to reduced contractile 
properties as found in the present study. 
 The lack of ultrastructural alterations in young elastase instilled emphysematous 
hamster diaphragm can in part be explained by the age of the animals used since aged animals 
are more susceptible to muscle injury compared to young animals (9; 16; 39). Moreover, the 
diaphragm of young animals might exhibit a greater adaptive response when exposed to an 
increased load, resulting in less pathological changes (31). On the other hand, older animals 
exhibit an impaired muscle regenerating capacity (7; 8; 17; 35). For example, regeneration in 
skeletal muscle of senescent rats has been reported to be slow and markedly impaired without 
restoration to normal muscle structure (34). 
 In the elastase-induced emphysema model the diaphragm contracts continuously 
against an increased elastic and resistive load due to hyperinflation and airflow limitation (26). 
This resembles to some extent the models of resistive loading induced by tracheal banding as 
applied in experimental animal settings. In these models ultrastructural changes have been 
described, e.g. sarcomere disruption, Z-line streaming, and membrane damage (33; 40). 
 In situ fixation has shown not to induce changes in muscle structure (29). It is unlikely 
that the observed changes between the two groups are caused by tissue fixation and processing, 
since all animals were treated according to the same protocol. Moreover, physical inactivity 
does not seem to play a role in the differences observed between the two groups. Although we 
did not quantify the activity levels of the animals, daily inspection showed no differences in 
activity level between the two groups. Finally, myopathy due to malnutrition is unlikely since the 
animals did not lose weight. 
 The results of our model of elastase induced emphysematous hamsters are partly 
in concordance with the observations of Orozco-Levi et al. (28). They showed that sarcomere 
disruption is present in normal human diaphragm muscle, but is found more frequently in COPD 
patients. To our knowledge, the above-mentioned alterations have not yet been described in the 
emphysematous hamster diaphragm. Abnormalities of the contractile apparatus, like register-
shifting and Z-line distortions, were consistently found in the diaphragm of emphysematous 
hamsters. In addition, the observed sarcoplasmic masses and focal degeneration indicate 
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various stages of degeneration. Focal as well as segmental necrosis and eventually myonecrosis 
were found frequently. In age-matched control hamsters only a few of these alterations were 
found incidentally (see Table 1). 
 Our findings indicate that the aged emphysematous diaphragm, exposed to increased 
loading, exhibits signs of myofibre damage. Usually, muscle damage is followed by a phase 
of muscle regeneration. Indeed, as observed in peripheral skeletal muscle (6), the presence of 
numerous satellite cells in this study indicates a regenerative response of the emphysematous 
diaphragm muscle. However, frequent fibre splitting and forking suggest sub-optimal 
regeneration, partly underlined by the presence of abortive regeneration (13; 34). In focal 
necrosis there is still continuity of the fibre and necrotic material is broken down in autophagic 
vacuoles. The affected fibres appeared indented, split and show serrated borders as already 
reported (2). In addition, it is assumed that both central nuclei and fibre splitting are myopathic 
changes or represent a defective regeneration (13). 
 There were numerous extrusion vacuoles (14) with autophagic remnants discarded 
in the extracellular space as observed in the emphysematous group. This implicates a high 
lysosomal activity, related to e.g. focal degeneration and focal necrosis. We also observed 
more lipofuscin granules in the emphysematous hamsters compared to the control group. It 
is wellknown that with ageing the size and number of lipofuscin granules increases (14). An 
increased presence of lipofuscin may also be reflective of a higher lysosomal activity of the 
involved fibre (24). In emphysematous hamster diaphragm there are no data on these typical 
lysosomal waste products. However, an enlarged number of lipofuscin granules has been 
previously reported to occur in diaphragm muscle from COPD patients (24). 
 Atrophic myofibres were incidentally detected in the control hamsters, but were 
detected frequently in the emphysematous hamsters. Muscle fibre atrophy can occur due to 
several factors (3). Since the diaphragm is continuously active disuse atrophy is unlikely to occur 
in this study. However, repeated cycles of degeneration followed by incomplete regeneration or 
repair, could be a cause of fibre atrophy in this study (3). Furthermore, the increased presence 
of isolated replications of basal membranes is in accordance with numerous atrophic fibres or 
degenerating and necrotic fibres as already reported (14). The remnants of basal laminae are 
quite resistant and remain present for a long period (13). 
 In this study both subtle and pronounced disturbances of the contractile system 
were present, including sarcolemmal folding and numerous extrusion vacuoles. Areas of focal 
degeneration and focal as well as segmental necrosis were obvious. After focal fibre necrosis, 
cellular remodelling might weaken the affected fibres, but apparently does not destroy them 
(2). All these events are likely to result in an impairment of muscle contractility. 
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 Muscle changes at the ultrastructural level have already been suggested to play a 
role in a decreased force generating capacity as occurs in emphysematous hamsters (37). The 
reduction of P
t
 and P
o
 in the present study was in line with previous reports (22; 23; 37). 
 In rabbits an impaired in vitro muscle contractility appeared to be associated with 
diaphragm injury after inspiratory resistive loading (20). Diaphragm injury caused by ventilatory 
failure, induced by resistive loading, has been linked to changes in myofibrillar complexes, 
which appear to be susceptible to calpain-mediated degradation (5; 32; 33). Besides calpain, 
free radicals are suggested to contribute to diaphragm muscle injury. Recently, Jiang et al. have 
shown that free radical scavengers can prevent the development of diaphragm injury and, in 
part, the reduction of in vitro diaphragm contractility (20). 
 Additionally, oxidative stress has also been implicated in the pathogenesis of muscle 
injury due to overloading. Impaired force generation in the emphysematous hamster diaphragm 
is related to an increase in the ratio of oxidised to reduced glutathion (19). Inhibition of free 
radical generation by the xanthine oxidase inhibitor allopurinol has been shown to attenuate 
exercise-induced morphological damage such as irregularities in myofibrillar organization, 
intrafibre oedema and mitochondrial swelling in the soleus muscle (12). In regard to future 
studies the emphysematous hamster model seems suitable to investigate the role of oxidative 
stress on diaphragm injury. 
 In summary, the diaphragm of aged emphysematous hamsters is characterised by 
increased ultrastructural abnormalities as a result of chronic increased loading. In these hamsters 
the regenerating capacity of the emphysematous diaphragm seems to be impaired compared 
to younger animals as used in previous studies, suggesting an inadequate adaptation. The 
observed pathological alterations are likely to contribute to the reduced force generation of the 
diaphragm.
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Abstract
Pulmonary emphysema is associated with diaphragm dysfunction and ultimately failure. 
Neuromuscular transmission failure is known to contribute to diaphragm dysfunction in vivo 
and in vitro. However, the effect of emphysema on neuromuscular transmission failure in the 
diaphragm has not been investigated. Therefore, the aim of the present study was to examine 
the effects of emphysema on neuromuscular transmission failure. 
Diaphragm strips were dissected from control and emphysematous hamsters. Direct muscle 
stimulation was intermittently superimposed on phrenic nerve stimulation of the diaphragm 
strips during isometric and isotonic contractions. Neuromuscular transmission failure was 
estimated by calculating force or power loss during muscle stimulation compared with during 
nerve stimulation. 
Neuromuscular transmission was not significantly different between control and emphysematous 
diaphragm. In contrary, the contribution of neuromuscular transmission failure to total diaphragm 
fatigue was attenuated in the emphysematous diaphragm. Neuromuscular transmission failure 
during repetitive contractions was more pronounced during isotonic compared with isometric 
contractions in both groups. 
Enhanced neuromuscular transmission in the diaphragm of emphysematous hamsters is likely to 
improve fatigue resistance and can be considered as an adaptive mechanism of this chronically 
overloaded muscle. As isotonic contractions better reflect in vivo diaphragm function, our 
findings suggest that neuromuscular transmission failure is a major determinant of diaphragm 
fatigue and ultimately respiratory failure in emphysema.
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Introduction
Pulmonary hyperinflation in chronic obstructive pulmonary disease (COPD) places the 
diaphragm to a mechanically disadvantaged position, thereby increasing workload. This 
condition elevates the energetic demands placed upon the diaphragm of these patients (3), 
and is associated with diaphragm dysfunction and ultimately failure (12; 21). Diaphragm 
fatigue may be caused by failure of the muscle itself to generate force (contractile fatigue) 
and/or failure in neuromuscular transmission. The importance of neuromuscular transmission 
failure in the development of muscle fatigue has been demonstrated both in vitro (1; 2) and in 
vivo (20). Thus, neuromuscular transmission failure is of potential clinical relevance, especially 
in respiratory diseases.
 The emphysematous hamster is a commonly used model to study the effects of 
pulmonary hyperinflation, and chronic loading, on the diaphragm (7; 14; 15; 24; 25). Previous 
work has shown, that in this animal model the diaphragm undergoes structural, and functional 
changes. For instance, the resistance to fatigue appears elevated in directly stimulated 
diaphragm strips from emphysematous hamsters compared with normal hamsters (11; 13). 
Apparently, adaptations occur downstream of the neuromuscular junction in order to meet the 
increased workload of the diaphragm in emphysema. 
 To date, no study has explored the extent to which neuromuscular transmission failure 
contributes to emphysema-induced changes in the fatigability of the diaphragm. However, 
compensatory overloading of the intact, contra lateral hemidiaphragm following spinal cord 
hemisection has been associated with improved neuromuscular transmission during fatiguing 
contractions, presumably due to improved synaptic efficacy (18). In the present study we 
evaluated the effects of pulmonary emphysema on neuromuscular transmission in hamster 
diaphragm during fatiguing and non-fatiguing contractions. We hypothesized that diaphragm 
neuromuscular transmission improves with emphysema.
In the past, neuromuscular transmission has been investigated using isometric contractions. 
Consequently, although isotonic contractions better reflect diaphragm function in vivo, the 
effect of shortening contractions on neuromuscular transmission is unknown. Accordingly, 
in the present study neuromuscular transmission was evaluated during both isometric and 
isotonic contractions. 
 In order to test our hypotheses, neuromuscular transmission was assessed in vitro in 
diaphragm muscle strips with adherent phrenic nerve from both emphysematous and control 
hamsters. Muscle bundles were stimulated via phrenic nerve or directly in either isometric or 
isotonic contraction mode.
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Materials and Methods 
 
General procedures
Animals and induction of emphysema
This study was approved by the local Animal Ethics Committee. All experiments were conducted 
on male Syrian hamsters (n = 30). Animals were housed (three per cage) under a 12:12 light-
dark cycle in a specific pathogen free area (SPF unit) according to the FELASA recommendations 
(17). Animals were fed ad libitum. 
 The elastase-induced emphysematous hamster model has been applied in the past. 
Administration of elastase results in severe panacinar pulmonary emphysema, as indicated 
by an increase in lung volume and alveolar cross sectional area (CSA) compared with saline-
treated hamsters  (7; 22; 25). At the age of ~40 wks (5; 9) the hamsters were anesthetized with 
a mixture of halothane and N
2
O, vaporized in air. A polyethylene cannula was inserted into the 
trachea. They were intratracheally instilled with porcine pancreas elastase (24 U/100 g body 
wt (EPC, Owensville, MI) in 0.50 ml 0.9% NaCl/100 g body wt) (n=15), as was described in 
detail previously (4; 7; 24; 25). To improve the distribution to the peripheral parts of the lung, 
3 ml of room air was injected through the tube. Control animals were treated with an equal 
volume of saline (n=15). The hamsters were monitored carefully until spontaneous breathing 
was restored. 
General surgical methods
Six months after instillation, the emphysematous hamsters were randomly allocated to the 
experimental groups. All experiments were performed according previously described methods 
(7; 24; 25). The hamsters were anesthetized with pentobarbital sodium (Nembutal, 70 mg/kg 
ip). A tracheotomy was performed, and a polyethylene cannula was inserted. The animals were 
mechanically ventilated with 100% O
2
 (respiration frequency 70 breaths/min). The diaphragm 
and adherent lower ribs were quickly excised together with the phrenic nerve after combined 
laparotomy and thoracotomy. The phrenic nerve was not dissected free from the inferior vena 
cava before excision to minimize the risk of nerve injury. The nerve-diaphragm preparation 
was immediately submersed in cooled oxygenated Krebs solution at a pH ~7.40. This
 Krebs 
solution consisted of 137 mM NaCl, 4 mM KCl, 2 mM CaCl
2
, 1 mM MgCl
2
, 1 mM KH
2
PO
4
, 
24 mM NaHCO
3
, 7 mM glucose. A rectangular bundle of innervated muscle (~2.5 mm wide) 
was dissected of the right hemidiaphragm parallel to the long axis of the muscle fibers with the 
insertion of fibers at the ribs and central tendon intact. Silk sutures were tied firmly to both ends 
to serve as anchoring points. 
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Assessment of neuromuscular transmission failure
 The procedures for assessing neuromuscular transmission failure in the rat diaphragm 
have been described previously (6; 19; 26). The origin of the muscle bundle at the costal margin 
was attached to a metal clamp mounted in series with a micromanipulator at the base of 
the tissue bath for adjustment of muscle length. The suture attached to the central tendon 
was attached to the lever arm of a dual-mode length-force servo-control system (Cambridge 
Technologies, model 308B, Cambridge, USA) using a steel hook. 
 The Cambridge system was controlled by using the software program Poly 5.0 
(Inspektor Research Systems bv, Amsterdam, The Netherlands). Length and force were 
controlled independently, allowing the Cambridge system to operate either in isometric or 
isotonic mode respectively. Length and force outputs were digitized using a data-acquisition 
board (DASH1602, Keithley, Taunton, USA) at a sampling frequency of 2.0 kHz. 
 The muscle was stimulated directly by using platinum plate electrodes placed in close 
apposition on either side of the muscle. Rectangular current pulses (2 ms) (26) were generated 
by a stimulator (Instrumentele Dienst Electronics, Radboud University Nijmegen Medical 
Centre, Nijmegen, The Netherlands) activated by a personal computer. To ensure supramaximal 
stimulation, the bundles were stimulated 1.25 times the current needed for maximal activation 
(~200-250 mA). Muscle preload force was adjusted using the micromanipulator until optimal 
length (L
o
) for maximal twitch force was achieved. Supramaximal stimulation of the phrenic 
nerve was achieved by using monophasic rectangular pulses (0.2 ms duration) (26) delivered 
through a suction electrode. The experiments were performed at a temperature of 26 °C.
 The Cambridge system was first set for length control (isometric mode) such that the 
system acted purely as a force transducer. After 15 minutes of thermo-equilibration baseline 
force characteristics were measured by directly stimulating the muscle. Diaphragm twitch (P
t
) 
and tetanic force were determined once with a 2 min interval between subsequent stimulations. 
Next, force generated at 40 Hz via the phrenic nerve (P
40
N) was measured and 2 minutes later 
force generated at 40 Hz by direct muscle stimulation (P
40
M), to confirm the quality of the 
preparations. Subsequently, the relative contributions of neuromuscular transmission failure and 
muscle failure to diaphragm fatigue were estimated by superimposing direct muscle stimulation 
on repetitive phrenic stimulation during isometric contractions and during isotonic contractions.
Contribution of neuromuscular transmission failure to total diaphragm fatigue: 
isometric protocol
Two minutes after obtaining baseline tetanic forces (P
40
M), the Cambridge system remained set 
for length control (isometric mode) such that the system acted purely as a force transducer. The 
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relative contribution of neuromuscular transmission failure to diaphragm fatigue was estimated 
by superimposing direct muscle stimulation on repetitive stimulation of the phrenic nerve at 
40 Hz (10; 16). Both nerve and muscle stimulations were presented in 330-ms duration trains 
(26). The muscle strip was activated once every second for 5 minutes via the phrenic nerve, 
but every 14th and 15th s via direct muscle stimulation (Fig 1A). The relative contribution of 
neuromuscular transmission failure to diaphragm fatigue was estimated by assuming that the 
force decline during direct muscle stimulation reflected only the contribution of muscle fatigue, 
whereas the force decline during nerve stimulation reflected the combined contribution of both 
muscle fatigue and neuromuscular transmission failure (26). Therefore, the following formula, 
proposed by Aldrich et al (1), was used to estimate NTF:
    % NTF = (∆N - ∆M)/(1 - ∆M)
where NTF is neuromuscular transmission failure, ∆N (normalized to initial nerve force) is force 
loss during nerve stimulation and ∆M (normalized to initial muscle force) is force loss during 
direct muscle stimulation. 
Figure 1
The relative contribution of neuromuscular 
transmission failure to total diaphragm 
fatigue can be estimated by periodically 
superimposing direct muscle stimulation 
onto repetitive nerve stimulation. These 
representative figures show the protocol for 
determination of neuromuscular transmission 
failure during fatiguing isometric (A) and 
isotonic contractions (B; composite plot: 
power is calculated from the measures of force 
and velocity). The hamster diaphragms were 
activated by stimulation of phrenic nerve at 
40 Hz in 330 ms duration trains repeated 
each second. Every 15 s, direct muscle 
stimulation was superimposed. The difference 
between the force or power generated by nerve 
vs direct muscle stimulation provides an index 
of neuromuscular transmission failure.
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Contribution of neuromuscular transmission failure to total diaphragm fatigue: 
isotonic protocol
Two minutes after obtaining baseline tetanic forces (P
40
M), the Cambridge system was set 
for length control, allowing shortening contractions. Force was clamped at 30% of P
40
M for 
both nerve and muscle stimulation respectively. In a subset of experiments (data not shown) 
maximal power output of the normal and emphysematous hamster diaphragm was determined 
at 30 % of tetanic muscle force at 40 Hz stimulation. 
 During isotonic contractions, muscle shortening velocity was calculated as the change 
in muscle length during a 30 ms period and expressed as Lo/s. To eliminate the effect of 
muscle compliance, the time window for shortening velocity measurements was set to begin 
10 ms following the first detectable change in length. Because force was clamped at a fixed 
afterload, neuromuscular transmission failure could not be estimated according to Aldrichs 
formula (1). We therefore calculated neuromuscular transmission failure during shortening 
contractions using a modification of this formula, in which total power loss (as a measure 
of force output and shortening velocity of the muscle, normalized to muscle Lo) during nerve 
stimulation is compared with power loss during muscle stimulation, according to the formula:
 NTF = (∆NP - ∆MP)/(1 - ∆MP)
where NTF is neuromuscular transmission failure, ∆NP is power loss during repetitive nerve 
stimulation (normalized to initial nerve power) and ∆MP is power loss during direct muscle 
stimulation (normalized to initial muscle power). The relative contribution of neuromuscular 
transmission failure to diaphragm fatigue was estimated by superimposing direct muscle 
stimulation on repetitive stimulation of the phrenic nerve at 40 Hz at 30% of P
40
M for both 
nerve and muscle stimulation respectively for a 90 sec period. Within this time interval power 
output by nerve stimulation dropped to zero in pilot experiments. Both nerve and muscle 
stimulations were presented in 330-ms duration trains. The muscle strip was activated once 
every second via the phrenic nerve, but every 14th and 15th s via direct muscle stimulation (Fig 
1B). Power was calculated as the product of force (N/cm2) and shortening velocity (Lo/s). 
After each measurement, the length of each diaphragm strip was measured by using a 
micrometer (model 560-128, Mitutoyo, Veenendaal, The Netherlands), and the mass of the 
strips was determined on an analytic balance (model BP160 P, Sartorius Instrumenten B.V., 
Nieuwegein, The Netherlands). Cross sectional area was calculated by dividing diaphragm strip 
weight (g) by strip length (cm) times specific density (1.056 gram/cm3). Forces were expressed 
per CSA (N/cm2). 
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Verification of emphysema 
After the diaphragm was removed the lungs were inflated through the endotracheal cannula 
with 0.9% saline to a pressure of 25 cm H
2
O. Fluid displacement was used as an estimation of 
lung volume, as described previously (7; 24; 25).
Data treatment and statistics 
Data are presented as mean ± SE. Differences in single baseline contractile properties and 
bundle dimensions among the experimental groups were analyzed with one-way ANOVA and 
if appropriate, Student-Newman-Keuls (SNK) post-hoc testing. Parameters requiring repeated-
measures over time (eg, the difference between forces generated by nerve vs direct muscle 
stimulation) were estimated by using repeated-measures models and if appropriate, SNK post hoc 
testing. Statistical analysis was performed with the SPSS package version 10.0 (SPSS, Chicago, 
IL). Comparisons were considered significant at P < 0.05.
RESULTS
Verification of experimental conditions and diaphragm strip dimensions
Instillation with elastase had profound effects on lung volume of the hamsters (table 1), 
indicating severe pulmonary emphysema. Elastase treatment did not affect bodyweight. 
Optimal length of diaphragm strips was reduced in the emphysematous group compared with 
controls (table 1). The quality of diaphragm strips (P
t
, P
40
M) was comparable to previous studies 
(table 1) (24; 25).  
Neuromuscular transmission failure
Isometric contractions. Both the tension generated by direct muscle and by nerve stimulation at 
40 Hz was significantly lower in the emphysematous group compared with the control group 
(Fig 2A). Neuromuscular transmission failure, defined as the ratio of force generated by nerve 
stimulation to the force generated by direct muscle stimulation, was not significantly different 
between groups (Fig 2C, left panel). 
Isotonic contractions. Power generation was significantly lower in the emphysematous compared 
with control diaphragm during direct muscle stimulation but not during nerve stimulation at 40 
Hz. During nerve stimulation power generation was lower compared with muscle stimulation in 
both groups (Fig 2B). Neuromuscular transmission failure during isotonic contractions was not 
significantly different between the emphysematous and control diaphragm (Fig 2C). 
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Table 1. Diaphragm muscle characteristics and initial contractile properties.
            Isometric protocol         Isotonic protocol
   Control  Emphysema Control          Emphysema
n       8       8     7               7
Animal wt, g               137±3   135±4               135±4            134±3
Lung volume, ml  9.5±0.3   14.4±2.4 † 9.6±0.7           13.8±2.2 †
ML, cm   1.7±0.0    1.3±0.0 † 1.7±0.1             1.3±0.0 †
MW, mg               19.8±1.0  18.6±1.4             20.9±1.1           18.1±1.3
Pt, N/cm2              11.8±0.7   7.6±0.7 † 2.0±1.3             8.0±0.8 †
P40
N
, N/cm2              19.3±2.2              16.3±2.4 †           20.7±2.6            17.2±0.8 †
P40
M
, N/cm2              29.4±1.5  21.8±1.8 †           27.9±2.1            20.0±1.1 †
Values are means ± SE. Pt, Peak twitch tension at direct muscle stimulation; P40
N 
, maximal specific force 
at nerve stimulation at 40 Hz; P40
M 
, maximal specific force at muscle stimulation at 40 Hz; ML, muscle 
length; MW, muscle weight. † p < 0.05 compared with control. No differences among both control groups 
and emphysema groups respectively.
Figure 2
Neuromuscular transmission failure during non-
fatiguing isometric and isotonic contractions. 
A: Isometric conditions. The force generated 
during nerve stimulation was lower compared 
with direct muscle stimulation in both groups. 
Diaphragm strips from emphysematous 
hamsters showed reduced force generation 
during both nerve and direct muscle stimulation 
at 40 Hz. B: Isotonic conditions. Power 
generation during nerve stimulation was lower 
compared with direct muscle stimulation in both 
groups. Diaphragm strips from emphysematous 
hamsters showed reduced power generation 
during direct muscle, but not nerve, stimulation 
at 40 Hz. C: Neuromuscular transmission 
failure during non-fatiguing contractions was 
comparable between emphysematous and 
control diaphragm strips, during both isometric 
and isotonic contractions. Values are means ± 
SE. * P < 0.05.  
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Contribution of neuromuscular transmission failure to fatigue
Isometric contractions. Fig. 3A shows the relative force generated by nerve and direct muscle 
stimulation at 40 Hz in the control and emphysematous groups during repetitive isometric 
contractions. Repeated stimulation had prominent effects on force generated via the phrenic 
nerve. The decline in force was significantly slower in the emphysematous group compared with 
control. This difference was evident throughout the period of phrenic nerve stimulation and 
remained relatively constant after 2 min. No significant differences were found in the decline 
of force during direct muscle stimulation. Consequently, the contribution of neuromuscular 
transmission failure to fatigue was significantly lower in the emphysematous vs the control 
group (Fig. 4).
Isotonic contractions. Fig. 3B shows power generation by nerve and direct muscle stimulation at 
40 Hz of control and emphysematous diaphragm strips during fatiguing isotonic contractions. 
During shortening contractions, a similar pattern was observed as during isometric contractions. 
The decrement in power generated by nerve stimulation was faster in the control than in 
the emphysematous group. The decrement in power during direct muscle stimulation was 
comparable between controls and emphysematous diaphragm. Consequently, neuromuscular 
transmission failure was significantly lower in the emphysematous compared with the control 
diaphragm (Fig 4). 
 During isotonic contractions, neuromuscular transmission failure contributed to a greater 
extend to total diaphragm fatigue than during isometric contractions, in both groups (Fig. 4). 
Figure 3
Development of force and power generated by 
repetitive nerve or direct muscle stimulation at 40 
Hz during (see methods). A: Isometric conditions. 
Repeated stimulation had prominent effects on 
force generated via the phrenic nerve. The decline in 
force was significantly lower in the emphysematous 
group compared with control. This difference was 
evident throughout the period of phrenic nerve 
stimulation and remained relatively constant after 
2 min. No differences were found in the decline of 
force during direct muscle stimulation. B: During 
isotonic contractions, a similar pattern was observed 
as during isometric contractions. The decrement in 
power generated by nerve stimulation was faster 
in the control than in the emphysematous group. 
The decrement in power during direct muscle 
stimulation was comparable between controls and 
emphysematous diaphragm. Values are means ± 
SE. *: nerve vs muscle; #: emphysema vs control, 
P < 0.05. 
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Figure 4
Relative contribution of neuromuscular transmission failure to diaphragm fatigue during isometric and 
isotonic contractions. Similarly, during isotonic contractions neuromuscular transmission failure was 
calculated as power loss during direct muscle stimulation versus nerve stimulation.  Values are means 
± SE. P < 0.05 compared with muscle by repeated-measures ANOVA. The contribution of neuromuscular 
transmission failure to total diaphragm fatigue was lower in emphysema during both isometric and isotonic 
contractions. The contribution of neuromuscular transmission failure to total diaphragm fatigue was far 
more pronounced during isotonic contractions compared with isometric contractions. Values are means ± 
SE. *: isometric vs isotonic; #: emphysematous vs control, P < 0.05. 
Discussion
The present study is the first to investigate neuromuscular transmission in the diaphragm of 
an animal model of COPD. We found that during non-fatiguing contractions neuromuscular 
transmission failure was not significant different between the emphysematous and control 
diaphragm. In contrast, the contribution of neuromuscular transmission failure to total 
diaphragm fatigue was lower in emphysematous compared with control hamsters. This supports 
our hypothesis that the contribution of neuromuscular transmission failure to total diaphragm 
fatigue is attenuated in the emphysematous diaphragm. 
 Although isotonic contractions better reflect diaphragm function in vivo, previous 
studies evaluated neuromuscular transmission failure solely during isometric contractions. 
The present study demonstrates that the contribution of neuromuscular transmission failure 
to total diaphragm fatigue is far more pronounced during isotonic compared with isometric 
contractions in both control and emphysematous diaphragm. 
Emphysema and neuromuscular transmission
As presented in figures 2A&B, 40 Hz nerve stimulation resulted in less force and power 
generation, compared with direct muscle stimulation in both control and emphysematous 
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diaphragm. However, the force and power output during nerve stimulation relative to direct 
muscle stimulation was not different between emphysematous and control diaphragm during 
non-fatiguing contractions. Therefore, neuromuscular transmission failure during non-fatiguing 
contractions was not affected by emphysema (fig 2C). 
Emphysema and neuromuscular transmission failure during fatiguing diaphragm 
contractions
In contrast to non-fatiguing contractions, during fatiguing contractions emphysema clearly 
affected the contribution of neuromuscular transmission failure to total diaphragm fatigue. 
During the isometric fatigue protocol, the decrease in diaphragm force output by nerve 
stimulation was attenuated by emphysema (fig 3A), whereas during direct muscle stimulation 
force loss was comparable between both groups. As a result, the contribution of neuromuscular 
transmission failure to isometric diaphragm fatigue was significantly lower in emphysema (fig 4). 
Theoretically, multiple presynaptic and postsynaptic sites may be involved in 
neuromuscular transmission failure, including reductions in axonal potential propagation, 
synaptic transmission failure and failure to generate a sarcolemmal potential (for review 
see Sieck and Prakash (18)). Previous work indicated that the contribution of neuromuscular 
transmission failure to total diaphragm fatigue also depends on muscle fiber type composition. 
During fatiguing contractions, type I fibers appears to be less susceptible to neuromuscular 
transmission failure than type II fibers (8), presumably due to a greater extent of overlap of 
nerve terminal and motor-end plate as observed in type I fibers (16). In the present study, 
diaphragm fiber type composition was not determined. However, it has been shown that 
the relative contribution of type I fibers is increased in the emphysematous diaphragm (5). 
Therefore, a fiber type shift towards type I fibers might have contributed to the enhanced 
neuromuscular transmission in fatigued emphysematous diaphragm. In contrast to effects 
during fatiguing contractions, a larger proportion of type I fibers is not expected to affect 
neuromuscular transmission failure during non-fatiguing contractions, which is in line with our 
data. Another factor affecting neuromuscular transmission failure is muscle fiber atrophy. Farkas 
and Roussos (5) demonstrated atrophy of type II fibers in the diaphragm of emphysematous 
hamsters, although these findings are controversial (14). Previously, it has been shown that 
during atrophy motor endplate size remained unaffected. As a result, the relative size of motor 
endplates on the atrophied muscle fibers increased (18), which was postulated to decrease 
neurotransmission failure. Therefore, fiber atrophy might have contributed to the attenuated 
neuromuscular transmission failure in emphysematous diaphragm.  
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 In emphysematous hamsters, pulmonary hyperinflation chronically increases the load 
on the diaphragm. Interestingly, previous studies in hemiparalyzed rat diaphragm demonstrated 
that overloading of the intact contralateral hemidiaphragm resulted in enhanced neuromuscular 
transmission during fatigue (18). It was hypothesized that an increase in neurotrophic influences, 
such as the calcitonin gene related peptide (23), promoted improvements in synaptic efficacy. 
Future studies should investigate the potential role of these neurotrophic substances in the 
improved neuromuscular transmission failure in fatigued emphysematous diaphragm. 
Isotonic vs isometric neuromuscular transmission failure during fatigue
In line with isometric contractions, the contribution of neuromuscular transmission failure to 
total diaphragm fatigue was reduced in emphysema during isotonic contractions. However, 
the present study is the first to demonstrate that neuromuscular transmission failure is far 
more pronounced during isotonic fatigue compared with isometric fatigue. This difference 
was evident in both control and emphysematous diaphragm strips (fig 4). It is unclear which 
mechanisms are responsible for this phenomenon. During isotonic contractions, t-tubular 
propagation of membrane depolarization into core regions of the fibers might be impaired and 
could contribute to fatigue. It could be speculated that phrenic nerve stimulation is much more 
sensitive to this impaired t-tubular depolarization than to the more robust field stimulation. 
Emphysema and diaphragm contractility during non-fatiguing muscle stimulation 
In line with previous studies we found a decrease of isometric tetanic and twitch tension in 
the emphysematous diaphragm during direct muscle stimulation (7; 24; 25). The effects of 
emphysema on power generation in emphysematous diaphragm have not been investigated 
previously. We found that emphysema reduces the power output of the diaphragm from 
emphysematous hamsters compared with controls. Since the magnitude of reduced power 
and force generation is similar in the emphysematous diaphragm, and the shortening velocity 
of emphysematous diaphragm strips was comparable to control diaphragm strips (data not 
shown), the present data indicate that impaired force generation completely accounted for 
the reduced power output. In line with our findings, previous studies (9) reported no effects of 
emphysema on diaphragm shortening velocity.
 In the present study emphysema did not affect diaphragm fatigability during isometric 
contractions. This is in line with previous work from our laboratory (25) although the literature is 
controversial (7; 11; 13). Similarly, emphysema had no effect on isotonic diaphragm fatigability 
(fig 3B). Since force was clamped at 33 % of P
40
M, force generation was constant during 
the entire isotonic fatigue protocol. Therefore, these data confirm that diaphragm shortening 
velocity is not affected by emphysema.
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Methodological considerations
It should be noted that in in vitro rat diaphragm, the ratio of force by nerve vs force by muscle 
stimulation could reach up to 75 % (1). This is in line with our model, where the ratio ranged 65-
75 % in control hamster diaphragm. Besides neuromuscular transmission failure, other factors 
could affect the force generation by nerve stimulation, such as partially nerve damage during 
preparation or insufficient nerve stimulation. Our lab showed consistent data with literature in 
rat diaphragm muscle with ratios of force generated by nerve vs muscle of 80% (26). In a set 
of experiments, Kuei (10) determined the relative contribution of neurotransmission fatigue to 
fatigue of the rat diaphragm at different rates of phrenic nerve stimulation by superimposing 
direct muscle stimulations on neural stimulation. In a subset of experiments stimulus intensities 
of the phrenic nerve and of the diaphragm muscle were varied from 0.1 to 5.0 ms. A pulse 
duration of 2.0 ms directly on the muscle and 0.2 ms on the phrenic nerve was selected to 
ensure consistent maximal stimulation. We used the same pulse durations in this hamster 
model. Nerve damage could be an issue in lower ratio’s of nerve vs muscle force generation, but 
are unlikely to affect the fatigability of the preparation. 
 In conclusion, the present study shows that the contribution of neuromuscular 
transmission failure to diaphragm fatigue is attenuated in the emphysematous hamster. 
Enhanced neuromuscular transmission in the diaphragm of emphysematous hamsters is likely to 
improve fatigue resistance and can be considered as an adaptive mechanism of this chronically 
overloaded muscle. Neuromuscular transmission failure was more pronounced during fatiguing 
isotonic contractions compared with isometric contractions. As isotonic contractions better 
reflect in vivo diaphragm function, these findings suggest that neuromuscular transmission 
failure is a major determinant of diaphragm fatigue and ultimately respiratory failure in 
emphysema.
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Summary and conclusions
COPD is characterized by progressive and irreversible airway obstruction. The diaphragm is 
the main inspiratory muscle. In patients with COPD, structural and functional alterations are 
present in this skeletal muscle. For instance, in the diaphragm of patients with severe COPD, 
muscle fiber type composition shifts towards slow, less fatiguable type I and IIa fibers. Also 
due to pulmonary hyperinflation the diaphragm muscle is postioned suboptimal on the Frank-
Starling curve, limiting the muscle to generate force. Dysfunction of respiratory muscles limits 
the exercise capacity and activities of daily living in these patients and it increases the need 
for- and cost of medical care. 
 The underlying mechanisms limiting diaphragm function in COPD are divers. 
Hypoxemia is a common feature in severe COPD. Skeletal muscle performance, measured by 
force generation and resistance to fatigue, are negatively influenced by hypoxia. Although 
mechanisms of impaired muscle contractility during hypoxia are incompletely understood, 
free radicals appear to play an important role. Indeed, overproduction of free radicals in 
skeletal muscle during hypoxia reduce force generation. This thesis aimed to investigate some 
consequences of COPD on diaphragm structure and function in animal models.
Description of methods used in this thesis
For the experiments described in this thesis we used laboratory animals (rats and hamsters). The 
hamster is frequently used as a model of pulmonary emphysema. Induction of emphysema was 
performed by intratracheal elastase instillation. Emphysema developed in the course of months. 
For measurements of force and velocity of shortening the diaphragm was excised. Rectangular 
strips were dissected, and electrically activated in tissue baths as described below. To determine 
neurotransmission failure, the phrenic nerve was carefully excised together with the diaphragm. 
Rectangular muscle strips were dissected from the middle costal part of the diaphragm parallel 
to the long axis of the muscle fibers together with the phrenic nerve. The phrenic nerve was 
not dissected free from the inferior vena cava before excision to minimize the risk of nerve injury. 
Silk sutures were tied firmly to both ends to serve as anchoring points. The origin of the muscle 
bundle was attached to a metal clamp mounted in series with a micromanipulator at the base 
of the tissue bath for adjustment of muscle lenght. The suture attached to the central tendon 
was attached to the lever arm of a dual-mode length-force servo-control system. The muscle was 
stimulated directly by using platinum plate electrodes placed in close apposition on either side 
of the muscle. Supramaximal stimulation of the phrenic nerve was achieved by using a suction 
electrode. Using different stimulation protocols, contractile properties of the diaphragm were 
measured.
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 Hypoxemia is a common feature in several respiratory diseases, such as COPD, acute 
respiratory distress syndrome (ARDS), and severe pneumonia. It impairs force generation 
and increases fatigability of respiratory and peripheral skeletal muscles. In animal studies, 
diaphragm twitch and tetanic forces were decreased during hypoxia (Po
2
 ~6.5 kPa). The force-
frequency curve was shifted downwards and muscle fatigue was enhanced during repetitive 
isometric contractions compared to hyperoxic muscles. In chapter 2 we examined the effects of 
hypoxia on isotonic contractile properties. During isotonic contractions the diaphragm muscle 
is allowed to shorten while force is clamped at 30 % of maximal force. Velocity of shortening, 
power (product of force and velocity) and total work (product of force and length change) of the 
muscle was calculated. Hypoxia reduced maximal shortening velocity of unfatigued isolated rat 
diaphragm bundles. The force-velocity curve shifted downward and as a result power output 
and total work were lower at each load during hypoxia compared to hyperoxia. The isotonic 
endurance to repeated activation was decreased during hypoxia. We concluded that hypoxia 
depresses isotonic contractile properties and power output, and reduces task endurance during 
repeated isotonic contractions.
Recent evidence indicates that hypoxia enhances generation of oxidants. Little is known 
about the role of free radicals in contractility of the rat diaphragm during hypoxia. Xanthine 
oxidase is a potential source for free radicals during hypoxia. We hypothesized that antioxidants 
improve contractility of the hypoxic rat diaphragm and that xanthine oxidase is an important 
source for free radicals in the hypoxic diaphragm. In chapter 3 we performed experiments to 
test the effects of different antioxidants (N-acetylcysteine and Tiron) on in vitro contractility 
of the rat diaphragm under hypoxic and hyperoxic conditions. Furthermore, the effect of the 
xanthine oxidase inhibitor allopurinol was studied on contractility of the diaphragm during 
hypoxia and hyperoxia. This study showed that both NAC and Tiron decreased maximal force 
generation, slowed shortening velocity and decreased power output of the diaphragm under 
hypoxic conditions. The fatigue rate was decreased in the presence of either NAC or Tiron. 
Xanthine oxidase inhibition did not alter contractility or fatigability of the diaphragm. During 
hyperoxia, neither NAC nor allopurinol affected contractility or fatigability of the diaphragm. 
We concluded that free radicals play a significant role in diaphragm contractility during hypoxia. 
Whether antioxidants exert a beneficial or harmful effect on muscle performance depends on 
the contraction pattern of the muscle. Free radicals generated by XO do not play a role in 
diaphragm contractility during either hypoxia or hyperoxia. 
Nitric oxide (NO) is one of the nitrogen-centered free radicals generated in skeletal 
muscle. Many possible targets for NO have been identified in skeletal muscle. The sarcoplasmic 
calcium release channel, or ryanodine receptor calcium release channel (RyR) contains 
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hyperreactive thiols, which have been shown to be regulators of the open probability of this 
channel. Indeed, it has been shown that the open probability of the RyR channel can be 
reversibly modulated by NO. These previous studies either used RyR channels in a lipid bilayer, 
or isolated sarcoplasmic vesicles containing RyR. In chapter 4 we studied the effect of the NO 
donor DEA-NO on [Ca2+]
i
 in intact cells.  Real time confocal microscopy of Fluo-3 loaded C
2
C
12
 
skeletal myotubes was used to determine the effect of NO on [Ca2+]
i
 handling. Myotubes were 
activated using acetylcholine or the RyR agonist caffeine. Pre exposure to DEA-NO reduced 
the amplitude of acetylcholine and caffeine-induced intracellular Ca2+ responses in a dose 
dependent manner. The effects were partly reversible after exposure to the reducing agent DTT. 
To verify that these effects were mediated via NO, and not the parent compound, additional 
experiments were performed with the chemically distinct NO donor SNAP. Indeed, SNAP also 
reduced the amplitude of caffeine-induced intracellular Ca2+ responses. The effects of SNAP 
were reversible after exposure to DTT. We concluded that NO impairs RyR channel Ca2+ release, 
via modification or reactive thiol groups present on this receptor.
Diaphragm function is affected at the early onset of the disease in COPD. In a recent 
study from our group we showed a disbalance in contractile protein synthesis and degradation. 
Besides accelerated protein degeneration, remaining contractile proteins appeared to be 
dysfunctional. Increased sarcomeric disruption in the diaphragm of patient with severe COPD 
has been described. In addition, previous studies have shown that, increased resistive load on 
hamster diaphragm induces morphologic changes. These alterations included a greater variation 
in fibre size, sarcomeric disruption and Z-band streaming and necrosis. Data on ultrastructural 
alterations of the diaphragm in emphysema are limited. The emphysematous hamsters is a 
frequently used model to study the effects of hyperinflation and diaphragm morphology. In 
chapter 5 we studied the effects of elastase induced emphysema on (ultra)structural changes 
in the hamster diaphragm. Six months after instillation with either elastase or saline, hamsters 
were sacrificed and the diaphragm was excised and prepared for light- and electron microscopy. 
In light microscopy the emphysematous diaphragm showed more signs of damage and of 
suboptimal regeneration compared to the control diaphragm. In general ± 20% of the fibres 
appeared to be abnormal in the semithin sections. The alterations comprised Z-line streaming, 
sarcomeric inclusions, focal degeneration, increased centronucleation, splitting and forking. In 
electron microscopy we found besides Z-line streaming also Z-line dislocation and dissolution. 
Abortive regeneration and different stages of myonecrosis, as well as extrusion vacuoles were 
specific in the emphysematous diaphragm. We concluded that the emphysematous hamster 
diaphragm exhibits multiple morphological alterations in comparison to age-matched control 
hamsters. Light microscopy showed more signs of damage and regeneration in emphysema, 
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and electron microscopy confirmed these observation on a ultrastructural level.
 Diaphragm fatigue may be caused by failure of the muscle itself to generate force 
(contractile fatigue) and/or failure in neuromuscular transmission. Factors influencing 
neuromuscular transmission are divers. For instance, administration of corticosteroids, 
testosterone and neurotrophins reduce in vitro neurotransmission failure and the disease state 
hypothyreoidism also attenuates transmission failure. These functional changes can partially be 
explained by remodelling of the pre- and postsynaptic elements of the neuromuscular junctions 
or an increase synaptic efficiency. The aim of chapter 6 was to investigate the effects of 
emphysema on neuromuscular transmission during isometric and isotonic contractions. An in 
vitro estimation of neuromuscular transmission failure was made by comparing force generation 
upon direct muscle stimulation with force generation upon nerve stimulation. We found that 
during non-fatiguing contractions neuromuscular transmission failure was not significant 
different between the emphysematous and control diaphragm. In contrast, during fatiguing 
contractions the contribution of neuromuscular transmission failure to total diaphragm fatigue 
was lower in emphysematous compared to control hamsters. We concluded that enhanced 
neuromuscular transmission in the diaphragm of emphysematous hamsters is likely to improve 
fatigue resistance and can be considered as an adaptive mechanism of this chronically 
overloaded muscle.
Conclusions
Disfunction of skeletal muscle frequently occurs in patients with severe COPD. In this thesis we 
used laboratory animals to mimic the effects of pulmonary hyperinflation (key component of 
emphysema) on diaphragm muscle function and morphology. In light microscopy and on the 
ultrastructural level we showed morphological changes as a sign of increased resistive load of 
the diaphragm. Besides, functional adaptations occur in the emphysematous diaphragm. The 
contribution of neuromuscular transmissin failure to total diaphragm fatigue decreases during 
repeated isometric and isotonic contractions compared to control. Hypoxemia may occur during 
an exacerbation of COPD. It influences skeletal muscle function negatively. Free radicals may 
play an important role in skeletal (dys)-function. Specific intracellular targets for free radicals 
are located on the RyR Ca2+ release channel and on the contractile apparatus. Modulation 
of redox balance of reactive thiols located on the RyR-channels by NO reduces Ca2+-release 
from the sarcoplasmic reticulum. Free radicals generated by xanthine oxidase do not affect rat 
diaphragm contractility under either hypoxic or hyperoxic conditions. 
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Future directions
Future research is directed towards the aetiology of cellular and molecular changes in de 
diaphragm of emphysematous patients. Research on the role of free radicals in skeletal muscle 
disfunction is abbundant and still growing. In line with the results from the emphysematous 
hamster model, research on neuromuscular transmission failure in patients with COPD is of 
particular interest. Can the data observed in this animal model be extrapolated to the human 
situation? Could a possible decrease in neurotransmission failure in these patients be a result 
of solely fibertype shifting, or are (ultra) structural changes in the neuromuscular junction to be 
found. Translation of results from animal studies to clinical situations will be a major challenge 
for future studies.   
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Samenvatting en conclusies
COPD wordt gekenmerkt door progressieve en deels irreversibele afwijkingen in grote en 
kleine luchtwegen en in het longparenchym. Het diafragma (middenrif) is de belangrijkste 
inspiratiespier. Bij patiënten met COPD treden structurele en functionele veranderingen 
in deze skeletspier op, zoals een verschuiving in spiervezelsamenstelling in het diafragma 
van patiënten met ernstig COPD van meer snel vermoeide type-II vezels richting trage en 
vermoeidheidsresistente type-I spiervezels. Tevens zorgt de toegenomen luchthoudendheid van 
de long (hyperinflatie) voor een verschuiving van het diafragma naar een functioneel nadelige 
positie op de lengte-tensie curve. Een sterk verminderd functioneren van deze ademhalingsspier 
kan het algemeen functioneren van deze patiënten beperken. Het verhoogt de behoefte aan en 
kosten van medische consumptie. 
De onderliggende mechanismen van diafragmadisfunctie zijn divers. Hypoxaemie 
(een lage zuurstospanning in het bloed) is een veel voorkomend kenmerk van ernstig COPD. 
Skeletspierfunctie, gemeten aan krachtgeneratie en uithoudingsduur, wordt negatief beïnvloed 
door hypoxie. Hoewel de mechanismen van deze disfunctie tijdens hypoxie niet volledig worden 
begrepen, lijken vrije radicalen hierin een belangrijke rol te spelen. Overproductie van vrije 
radicalen tijdens hypoxie verlaagt inderdaad het vermogen tot krachtgeneratie.
Het doel van dit promotieonderzoek was het in kaart brengen van enkele gevolgen 
van COPD op diafragmastructuur en -functie in een proefdiermodel.
Algemene beschrijving van de gebruikte methodes
Voor de experimenten die in dit proefschrift staan beschreven, werd gebruik gemaakt van 
proefdieren (ratten en hamsters). De hamster werd gebruikt als model voor longemfyseem. 
Emfyseem werd geïnduceerd door intratracheale instillatie van elastase. Emfyseem ontwikkelde 
zich in de maanden daarna. Nadat het diafragma uit het dier werd genomen, werden strips 
parallel aan de spiervezels geplaatst in een weefselbad en elektrisch gestimuleerd. In de 
studie waar neurotransmissiefalen werd gemeten, werd ook de nervus phrenicus voorzichtig 
samen met het diafragma uitgeprepareerd. Het diafragma werd overgebracht naar een bad 
met geoxygeneerde en gekoelde Krebs-oplossing. Hierin vond verdere preparatie van de 
diafragmastrips plaats. Uit het centrale costale gedeelte werden de te onderzoeken spierstripjes 
geprepareerd over de gehele spierlengte van het (gehalveerde) diafragma, parallel aan het 
verloop van de spiervezels en juist in dat gebied waar de n. phrenicus het diafragma binnentreedt. 
Deze diafragmastrips werden vervolgens overgebracht naar weefselbaden met geoxygeneerde 
Krebs-oplossing. De strips werden met behulp van hechtdraad bevestigd aan een vast punt, 
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onder in het weefselbad. De bovenzijde van de strips werden bevestigd aan een arm verbonden 
aan een krachtopnemer. De opstelling was zo ingericht dat ook lengteverkortingen van de spier 
tijdens contractie via deze arm konden worden geregistreerd. Parallel aan deze strip werden twee 
platina plaatelektrodes geplaatst waarmee de spierstrip gestimuleerd werd. De n. phrenicus 
werd opgezogen in een elektrode. Met behulp van verschillende stimulatieprotocollen werden 
vervolgens de contractiele eigenschappen van het diafragma bepaald.
Hypoxaemie is een kenmerkend verschijnsel bij een aantal longaandoeningen, zoals 
ernstig COPD, acute respiratory distress syndrome (ARDS) en pneumonie. Skeletspierprestatie, 
gemeten als krachtgeneratie en uithoudingsduur, wordt negatief beïnvloed door hypoxie. Zo 
toonden eerdere dierexperimentele studies een verminderde twitch en tetanische krachten van 
diafragma  in vitro tijdens hypoxie (Po
2
 ~6.5 kPa). De force-frequency curve verschoof naar 
beneden tijdens hypoxie en de uithoudingsduur tijdens herhaalde isometrische contracties was 
beduidend lager vergeleken met hyperoxie. De studie in hoofdstuk 2 beschrijft het effect van 
hypoxie op isotone contractiele eigenschappen van het ratdiafragma. Tijdens isotone contracties 
kan het diafragmastripje verkorten, wanneer een bepaalde drempelkracht (afterload) wordt 
bereikt. Op deze wijze kunnen de snelheid van verkorting, power (product van snelheid van 
verkorting en kracht) en de hoeveelheid work (product van kracht en verkortingsafstand) die 
het spiertje levert worden berekend. Hypoxie verlaagde de maximale snelheid van verkorting, 
waarbij de force-velocity curve naar beneden verschoof ten opzichte van hyperoxie. De maximale 
power en work die werden geleverd door deze diafragmastripjes waren eveneens lager. Het 
diafragma was sneller vermoeid onder hypoxische omstandigheden na herhaalde isotone 
contracties. Geconcludeerd wordt, dat hypoxie invloed uitoefent op het krachtgenererende 
vermogen van het ratdiafragma tijdens isotone contracties en fatigue. Snelheid van verkorting, 
power en work worden negatief beïnvloed onder hypoxische condities.
Recente studies tonen aan dat hypoxie productie van vrije radicalen stimuleert. De 
invloed van vrije radicalen geproduceerd onder hypoxische omstandigheden op contractiliteit 
van het diafragma is niet bekend. Xanthine oxidase is een mogelijke bron voor vorming van vrije 
radicalen tijdens hypoxie. De hypotheses van de studies in hoofdstuk 3 zijn dat scavengers van 
vrije radicalen de contractiliteit van het diafragma verbeteren tijdens hypoxie en dat xanthine 
oxidase een belangrijke bron is voor de vorming van vrije radicalen in het hypoxische diafragma. 
Het effect van de scavengers N-acetylcysteine (NAC) en Tiron op in vitro contractiliteit van 
het ratdiafragma onder hypoxische en hyperoxische condities werd gemeten. Identieke 
experimenten werden uitgevoerd in aanwezigheid van de xanthine-oxidaseremmer allopurinol. 
Beide scavengers verminderden maximale krachtgeneratie, snelheid van contractie en power 
output van het diafragma tijdens hypoxie. Zowel NAC als Tiron vertraagde de vermoeibaarheid 
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van het diafragma. Remming van xanthine oxidase had geen effect op krachtontwikkeling of 
snelheid van contractie van het diafragma tijdens hypoxie. Onder hyperoxische omstandigheden 
had noch NAC, noch allopurinol effect op de contractiliteit van het diafragma. Geconcludeerd 
wordt, dat vrije radicalen een belangrijke rol spelen bij contractiliteit van het diafragma 
tijdens hypoxie. Of dit positieve of negatieve effecten zijn, hangt onder andere af van het 
contractiepatroon. Vrije radicalen geproduceerd door xanthine oxidase spelen geen belangrijke 
rol bij contractiliteit van het ratdiafragma in vitro. 
Stikstofmonoxide (NO) is een van de vrije radicalen die in spieren geproduceerd 
worden. Er zijn verschillende intracellulaire aangrijpingspunten voor NO. Het Ca2+-kanaal van 
het sarcoplasmatisch reticulum, ofwel de ryanodine receptor Ca2+-kanaal (RyR), heeft een 
aantal hyperreactieve thiolen die een rol spelen in de opening van dit kanaal. Moleculaire 
studies hebben aangetoond dat de doorgankelijkheid van dit kanaal, op een reversibele 
manier, gemoduleerd kan worden door NO. In de studie beschreven in hoofdstuk 4 is het 
effect van NO-donors op de gestimuleerde doorgankelijkheid van het RyR-kanaal bestudeerd 
in intacte spiercellen. Intracellulaire Ca2+-metingen werden verricht middels confocale laser- 
microscopie in C
2
C
12
-spiertubuli die geladen waren met de Ca2+-indicator Fluo 3. Spiertubuli 
werden geactiveerd met acetylcholine of de RyR-kanaalagonist cafeïne. De amplitude van de 
Ca2+-response was significant lager wanneer spiertubuli waren blootgesteld aan de NO-donor 
diethylamine NONO-ate (DEA-NO). Het effect van DEA-NO was deels reversibel na wassen 
van de tubuli met de reducerende stof dithiotreitol (DTT). Om met zekerheid vast te stellen dat 
de geobserveerde effecten gemedieerd waren via NO, werden experimenten ook uitgevoerd 
met een chemisch ander type NO-donor, namelijk S-nitroso-N-acetylpenicillamine (SNAP). 
Dit leverde vergelijkbare resultaten op. Geconcludeerd werd dat NO Ca2+-flow door het RyR-
kanaal (na activatie van het kanaal) vermindert, via modificatie van reactieve thiolen op deze 
receptor.
Al in een vroeg stadium van COPD wordt diafragmafunctie aangetast. Zo blijkt uit een 
recente studie uit onze onderzoeksgroep dat er een verhoogde afbraak is van myosine en dat 
bovendien overig myosine disfunctioneel is. Het is bekend dat in patiënten met ernstig COPD 
toegenomen sarcomeerdisruptie optreedt. Toegenomen belasting van het diafragma toonde 
in een hamstermodel lichtmicroscopische morfologische veranderingen. Deze veranderingen 
bestonden uit variatie in vezelgrootte, sarcomeerdisruptie, Z-line streaming en necrotische 
spiervezels. Data over ultrastructurele veranderingen in het emfysemateuze diafragma 
zijn beperkt aanwezig in de literatuur. Elastase geïnduceerd longemfyseem in hamsters is 
een veelvoorkomend model om functionele en structurele veranderingen te bestuderen. In 
hoofdstuk 5 wordt het effect van geïnduceerd emfyseem beschreven op de ultrastructuur van 
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het diafragma van de hamster. Zes maanden na instillatie van elastase of een fysiologische 
zoutoplossing in de longen werd het diafragma uitgenomen, gefixeerd en verder geprepareerd 
voor licht- en electronmiscroscopisch onderzoek. Bij lichtmicroscopisch onderzoek toonde het 
emfysemateuze hamsterdiafragma meer tekenen van schade en suboptimale regeneratie 
in vergelijking met de niet-emfysemateuze controlegroep. Ongeveer 20 procent van de 
spiervezels toonde abnormaliteiten. Deze schade omvatte toegenomen Z-line streaming, 
sarcomeerinclusies, focale degeneratie, toegenomen centronucleolisatie, “splitting” en 
“forking”. Bij electronmiscroscopische analyse werd naast “Z-line streaming” ook Z-linedislocatie 
en -dissolutie gevonden. Abortieve regeneratie en verschillende stadia van myonecrose, evenals 
extrusievacuoles waren specifiek voor het emfysemateuze diafragma. Geconcludeerd werd dat 
het emfysemateuze hamsterdiafragma multipele morfologische veranderingen vertoont ten 
opzichte van de leeftijd gematchte controlegroep. Lichtmicroscopie toonde meer tekenen van 
schade en reparatie, waarbij de ultrastructurele observaties deze veranderingen in meer detail 
onderstreepten.
Disfunctie van het diafragma kan gelegen zijn op het niveau van de spier zelf 
om kracht te genereren of op het niveau van de neuromusculaire transmissie. Factoren die 
neuromusculaire transmissie beïnvloeden, zijn divers. Zo verkleinen corticosteroïden, testosteron 
en neurotrophinen in vitro neurotransmissiefalen en is het neuromusculaire falen minder 
uitgesproken tijdens hypothyreoidie. Een en ander valt terug te voeren op hermodellering 
van pre- en postsynaptische onderdelen van de neuromusculaire overgang of verbetering 
van de synaptische efficiëntie. In hoofdstuk 6 wordt het effect van emfyseem onderzocht 
op het neurotransmissiefalen tijdens isometrische en isotone contracties. Een schatting van 
neurotransmissiefalen werd gemaakt door krachtgeneratie als gevolg van directe spierstimulatie 
te vergelijken met die door zenuwstimulatie. Bij niet vermoeide contracties vonden wij geen 
verschil in neurotransmissiefalen tussen controle en emfysemateus hamsterdiafragma. Bij 
repetitieve (vermoeide) contracties blijkt dat bij emfyseem het neurotransmissiefalen minder 
uitgesproken is dan in controlediafragma. De bijdrage van neurotransmissiefalen aan het 
totaalfalen van het diafragma is meer uitgesproken bij isotone contracties dan bij isometrische 
contracties voor zowel controle- als emfysemateuze hamsters. Deze data tonen aan dat 
verbeterde neuromusculaire overdracht in het diafragma van emfysemateuze hamsters bijdraagt 
aan verbetering van uithoudingsduur en beschouwd kan worden als een adaptief mechanisme 
van deze chronisch belaste spier.
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Disfunctie van dwarsgestreepte spieren komt frequent voor bij patiënten met COPD. In dit 
proefschrift is gebruik gemaakt van proefdieren als model voor gezond en emfysemateus 
diafragmaspierweefsel. Op lichtmicroscopisch en ultrastructureel niveau worden veranderingen 
gezien als uiting van een chronische en langdurige belasting van het diafragma. Ook op 
functioneel niveau past het emfysemateuze diafragma zich aan. Zo daalt het aandeel van 
neurotransmissiefalen aan het totaal falen tijdens isometrische en isotone contracties. Hypoxie 
kan een kenmerk zijn van een exacerbatie COPD of bij een pneumonie. Het kan de spierprestatie 
negatief beïnvloeden. Hierbij spelen vrije radicalen een belangrijke rol. Zo blijkt dat modificatie 
van de redoxstatus van reactieve thiolen gelegen op de RyR-kanalen door NO de Ca2+-flow uit 
het sarcoplasmatisch reticulum vermindert. Vrije radicalen gegenereerd door xanthine oxidase 
spelen geen prominente rol bij in vitro contractiliteit van het ratdiafragma onder hyperoxische 
of hypoxische condities. 
Aanbevelingen voor toekomstig onderzoek
Toekomstig onderzoek is nog meer gericht op de etiologie van de cellulaire en moleculaire 
veranderingen in het diafragma van emfysemateuze patiënten. Onderzoek naar de rol van 
vrije radicalen in skeletspierdisfunctie heeft daarbij een enorme vlucht genomen. In het 
verlengde van de bevindingen in het emfysemateuze hamstermodel wekt onderzoek naar 
neurotransmissiefalen bij patiënten met COPD bijzondere interesse. Is een mogelijke eenzelfde 
afname van neurotransmissiefalen een gevolg van vezeltypeverschuiving, of zijn er daadwerkelijk 
(ultra)structurele veranderingen in de neuromusculaire overgang te vinden? Hoe verhoudt de 
synaptische efficientie zich hierin en spelen bijvoorbeeld groeifactoren een rol? De vertaling 
van proefdiermodel naar klinische vraagstukken blijft hierbij een uitdaging. 
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